Patobiochemie lysosomálních střádavých onemocnění: studie Fabryho nemoci a příprava buněčných modelů X-vázaných chorob. by Rybová, Jitka
- 1 - 
 
Charles University in Prague 
First Faculty of Medicine 
 
Study program: Biomedicine 
Study field: Biochemistry and Pathobiochemistry 
 
 
Mgr. Jitka Rybová 
 
Patobiochemie lysosomálních střádavých 
onemocnění: studie Fabryho nemoci a příprava buněčných modelů  
X-vázaných chorob 
 
Pathobiochemistry of lysosomal storage disorders: study of Fabry disease 






Supervisor: RNDr. Jana Ledvinová, CSc. 














Prohlašuji, že jsem závěrečnou práci zpracovala samostatně a že jsem řádně uvedla a citovala 
všechny použité prameny a literaturu. Současně prohlašuji, že práce nebyla použita k získání 
jiného nebo stejného titulu. 
Souhlasím s trvalým uložením elektronické verze mé práce v databázi systému 
meziuniverzitního projektu Theses.cz za účelem soustavné kontroly podobnosti kvalifikačních 
prací. 
 























- 4 - 
 
  





RYBOVÁ, Jitka. Patobiochemie lysosomálních střádavých onemocnění: studie Fabryho 
nemoci a příprava buněčných modelů X-vázaných chorob [Pathobiochemistry of lysosomal 
storage disorders: Study of Fabry disease and generation of cellular model of X-linked 
disorders]. Praha, 2018. 160 s., 6 příl. Dizertační práce (PhD.). Univerzita Karlova, 1. lékařská 




Lysosomální střádavá onemocnění, glykosfingolipidy, Fabryho choroba, mukololysacharidosa 




Lysosomal storage disorders, glycosphingolipids, Fabry disease, mucopolysaccharidosis type 



























RNDr. Jana Ledvinová, CSc. my supervisor, for her excellent scientific competence, support 
and advises throughout this work and the years of my postgraduate studies.   
 
RNDr. Ladislav Kuchař, Ph.D., RNDr. Befekadu Asfaw, Ph.D., RNDr. Robert Dobrovolný, 
Ph.D., Jakub Sikora, M.D., Ph.D., Ing. Helena Poupětová and Ing. Linda Berná, Ph.D. for their 
excellent scientific competence, for useful practical advices and interest in my work.  
 
All people at the Research Unit for Rare Diseases for creating a pleasant and friendly working 
atmosphere, for their help and interest in my research.   
 
I would like to dedicate this work to my family and friends, especially to my boyfriend Jirka, 













This work was supported by Charles University Grant Agency (GAUK56214) from Charles University, 
Prague, Czech Republic, research grant of Medical Research Agency of The Czech Republic AZV ČR 
15-33297A, Grant IGA MZ NT14015-3/2013, project RVO-VFN64165 from the Ministry of Health, 
project PRVOUK-P24/LF1/3 from the Ministry of Education and by Grant SVV 266 504 from the 
Charles University in Prague. 
 
 
- 8 - 
 
  
- 9 - 
 
Abstrakt 
Lidské autoptické či bioptické vzorky tkání, myší modely a buněčné kultury různých typů představují 
nejčastější materiál při zkoumání buněčné patogeneze dědičných chorob. Tato dizertační práce je 
věnována všem uvedeným přístupům při studiu dvou X-vázaných lysosomálních onemocnění a to 
Fabryho choroby (FD, deficit α-galaktosidasy A, AGAL) a mukopolysacharidosy typu II (MPSII, deficit 
iduronát-2-sulfatasy, IDS).  
Prvotním cílem práce byla analýza krevních lipidních B-antigenů s terminální α-galaktózou (B-GSL) 
v pankreatu pacientů s FD a krevní skupinou B (FD-B). B-GSLs představují vedle hlavního 
glykosfingolipidu (GSL), globotriaosylceramidu (Gb3Cer) další minoritní substrát AGAL. Deposita 
nedegradovaných B-GSL byla prokázána v autoptických vzorcích pankreatu FD-B pacientů a byla zde 
výrazně vyšší než u ostatních orgánů jako ledviny a plíce, kde se primárně ukládá Gb3Cer. Vysoká 
koncentrace lipidních i nelipidních B-antigenů byla u FD-B potvrzena především v exokrinních 
acinárních epiteliálních buňkách, doprovázená masivní akumulací ceroidu (sekundární znak 
lysosomálního střádání). Endokrinní část pankreatu zůstala na rozdíl od acinů zcela nepostižena 
ukládáním substrátů AGAL. Tento zajímavý fenomén buněčné biologie ukazuje, jak může specifická 
krevní skupina ovlivnit projevy nemoci v orgánech pacientů. Jelikož ledviny představují u FD jeden 
z nejpostiženějších orgánů, byla v další části práce studována distribuce vybraných GSLs a jejich 
molekulových typů (isoforem) v řezech ledvin u myšího modelu FD. Pomocí zobrazovací hmotnostní 
spektrometrie (MSI) bylo identifikováno pět isoforem Gb3Cer zvýšených převážně v kůře ledvin 
s klesajícím trendem směrem k medule. Zvýšená pozitivita Gb3Cer byla dána zejména depozity 
v kortikálních tubulech. Tyto výsledky byly v souladu s histochemickými nálezy i s výsledky tandemové 
hmotnostní spektrometrie, ale MSI ukázala navíc další detaily molekulárního složení nedegradovaného 
Gb3Cer (i některých dalších lipidů). 
Využití buněčných kultur získaných od pacientů představuje klasickou cestu studia chorob. Lidské 
primární kultury však mají omezení nejen v dostupnosti materiálu ale i v nesnadnosti získat buněčné 
typy relevantní pro chorobu. Tato omezení z velké části odstraňují indukované pluripotentní kmenové 
buňky (iPSC).  Představují nový směr zkoumání buněčné patologie a patobiochemie dědičných chorob 
v průběhu časného vývoje a platformu pro testování terapeutických intervencí. Našim důležitým cílem 
proto bylo vytvoření iPSC linií vybraných lysosomálních chorob, které budou sloužit jako základ pro 
diferenciaci do vybraných, střádáním postižených, buněčných typů. V rámci této práce byly založeny 
iPSC linie FD (FD-iPSC) a MPSII (MPSII-iPSC).  
Doposud jsou známy dva stavy iPSC lišící se zejména inaktivací X chromosomu (XCI) v samičích 
buňkách, označované jako primed (buňky po reprogramování s inaktivací jednoho z chromosomů X) a 
naïve (odvozené od primed iPSC, s oběma aktivními chromosomy). Změna kultivačního media u FD-
iPSC a MPSII-iPSC , vedoucí k přechodu primed iPSC do jejich naïve stavu, vedla ke změně morfologie 
iPSC kolonií u obou nemocí, ale ke změně poměru XCI pouze u FD-iPSC klonu. Vzhledem k tomu že 
u MPS II dochází také k postižení CNS, byly připravené MPSII-iPSC linie následně diferencovány do 
směsi neurálních buněk. 
Byla potvrzena zvýšená exprese lysosomálních markerů převážně v gliových buňkách a přítomnost 
abnormálních struktur bez ohraničující membrány. Akumulace glykosaminoglykanů (GAG) byla 
potvrzena ve směsi terminálně diferencovaných pacientských neurálních buněk. Přídavek 
rekombinantní IDS v kultivačním mediu měl pouze mírný preventivní efekt. Přetrvávající akumulace 
GAG je pravděpodobně dána jejich přítomností na plasmatické membráně, kde nemohou být 
degradovány rekombinantní IDS plně aktivované jen v kyselém prostředí lysosomů.  
FD-iPSC linie byly diferencovány do spontánně bijících klastrů kardiomyocytů (CM). Důvodem k jejich 
přípravě jsou časté kardiomyopatie u pacientů s FD. U FD-CM byla detekována zvýšená koncentrace 
Gb3Cer i méně početná a dezorganizovaná fibrilární vlákna. Úspěšná internalizace komerčně dostupné 
rekombinantní AGAL byla potvrzena kolokalizací s lysosomálním markerem Cathepsinem D. Funkční 
CM budou dále používány k testování terapeutických postupů, např. pomocí farmakologických 
chaperonů. Dále jsme se zabývali otázkou, zda se na degradaci substrátů AGAL může podílet strukturně 
příbuzný enzym α-N-acetylgalaktosaminidasa (NAGA), jak upozorňovaly dřívější práce na kožních 
fibroblastech u FD. Naše metabolické experimenty s radioaktivními substráty na lidských buněčných 
iPSC modelech s vyřazeným genem pro AGAL, NAGA i obou genů zároveň, však spíše naznačují 
přítomnost jiné α-galaktosidasy účastnící se degradace B-GSL.   
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Abstract 
Human autopsy or biopsy tissue samples, mouse models and cell cultures of various types represent the 
most common materials in the investigation of cell pathogenesis of inherited diseases. This dissertation 
is devoted to all these approaches in the study of two X-linked lysosomal storage diseases, Fabry disease 
(FD,α-galactosidase A (AGAL) deficiency) and mucopolysaccharidosis type II (MPSII, idunorate-2-
sulfatase (IDS) deficiency). 
The primary goal of the work was analysis of lipid blood group B antigens with terminal α-galactose 
(B-GSL) in the pancreas of FD patients with blood group B (FD-B).,In addition to the main 
glycosphingolipid (GSL) substrate, globotriaosylceramide (Gb3Cer), B-GSLs represent another minor 
substrate of AGAL. The deposition of undegraded B-GSL has been demonstrated in FD-B pancreas 
where it was significantly higher than in other organs such as the kidneys and lungs which accumulate 
mainly Gb3Cer. High concentration of lipid and non-lipid B-antigens was primarily confirmed in 
exocrine acinar epithelial cells of FD-B, accompanied by massive accumulation of ceroid (secondary 
sign of lysosomal storage). Unlike acini, the endocrine portion of the pancreas remained unaffected by 
accumulation of AGAL substrates. This interesting phenomenon of cell biology shows how a specific 
blood group can influence organ manifestations in patients. Since the kidneys represent the most affected 
organ in FD, distribution of selected GSLs and their molecular types (isoforms) was examined in the 
tissue sections of FD mouse model in the next part of this work. Five increased isoforms of Gb3Cer was 
identified in renal cortex by mass spectrometry imaging with declining trend towards medulla. Increased 
positivity of Gb3Cer was mainly due to storage in cortical tubules. These results were consistent with 
both histochemical findings and tandem mass spectrometry but the MSI showed extra details of 
molecular composition of undegraded Gb3Cer (or other lipids).  
The use of cell cultures derived from patients is the classic pathway for the study of disease phenotype. 
Human primary cultures, however, have limitations not only in material availability but also in difficulty 
to obtain cell types relevant to disease. Induced pluripotent stem cells (iPSC) remove a large part of 
these limitations. They represent a new direction for exploring cellular pathology and pathobiochemistry 
of inherited diseases during early development and a platform to test therapeutic interventions. 
Therefore, our important goal was to generate iPSC lines for selected lysosomal diseases that will serve 
as a basis for differentiation into selected cell types affected by storage.  In this work, the iPSC lines of 
FD (FD-iPSC) and MPSII (MPSII-iPSC) were established.  
Two states of iPSCs have been identified so far, varying mainly by X chromosome inactivation (XCI) 
in female cells, referred to as primed (cells after reprogramming with inactivation of one of the X 
chromosomes) and naïve (derived from the primed cells with both X-chromosomes active). Change of 
culture media of FD-iPSC and MPSII-iPSC leading to the transition of primed iPSC to their naïve state, 
led to the change in the morphology of the iPSC colonies in both diseases, but the change in the XCI 
ratio was recorded in the FD-iPSC clone, only. Since MPS II also affects the CNS, the generated MPSII-
iPSC lines were subsequently differentiated into a mixture of neural cells. Increased expression of 
lysosomal markers and presence of abnormal structures without limiting membrane were largely proven 
in glial cells. Glycosaminoglycan (GAG) accumulation was confirmed in a mixture of terminally 
differentiated patient’s neural cells.  Addition of recombinant IDS to the culture medium had only a mild 
preventative effect. The persistence of GAG accumulation is probably due to their increased incidence 
on the plasma membrane, where they cannot be degraded by recombinant IDS fully activated only in 
acidic environment of lysosomes.  
FD-iPSC lines were differentiated into spontaneously beating clusters of cardiomyocytes (CM). The 
reason of their preparation are frequent cardiomyopathies in FD patients. Increased concentration of 
Gb3Cer, less numerous and disorganized fibers were detected in FD-CM. Effective internalization of 
commercially available recombinant AGAL was confirmed by co-localization with lysosomal marker 
Cathepsin D. Functional CM will be further used for testing of therapeutic approaches, e.g., by 
pharmacological chaperones. We have further addressed the question of whether a structurally related 
enzyme α-N-acetylgalactosaminidase (NAGA) can participate on the degradation of AGAL substrates 
as suggested by earlier work on dermal fibroblasts in the FD. Our metabolic experiments with 
radiolabeled AGAL substrates in iPSC based lines with knocked-out genes for AGAL, NAGA or both 
enzymes, rather indicate the presence of another α-galactosidase involved in B-GSL degradation. 
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AGAL   α-galactosidase A 
ALP   alkaline phosphatase  
ATP   adenosine triphosphate 
BBB     blood brain barrier  
(B)-GSLs    (blood group B) glycosphingolipids 
BMP   bone morphogenetic protein 
(b)FGF    (basic) fibroblast growth factor 
βTubIII   β-Tubulin III  
CDH    dihexosylceramides  
CM   cardiomyocytes 
CMH    monohexosylceramides 
CK   ceramide kinase 
C-O(A, B)   controls with blood group O (A, B) 
CNPase   2',3'-cyclic-nucleotide 3'-phosphodiesterase 
CNS   central nervous system 
CRISPR/Cas9  clustered regularly interspaced short palindromic repeats/Cas nuclease 9 
C1P   ceramide-1-phosphate 
D-KO   double knock out of α-galactosidase A and  
α-N-acetylgalactosaminidase 
DSB   double strand break 
EB    embryoid bodies 
EGF   epidermal growth factor  
ESC   embryonic stem cells 
(ESI)-MS/MS  tandem mass analyzer (equipped with electrospray ionization) 
ER   endoplasmatic reticulum 
ERT    enzyme replacement therapy 
FD    Fabry disease 
FD_Xmut/Y  male hemizygous patients with Fabry disease 
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FD_Xmut/X  female heterozygous patients with Fabry disease 
FD-O(B)   Fabry patient with blood group O(B) 
FGF-8   fibroblast growth factor 8 
FIA-ESI MS/MS flow injection/electrospray ionization mass spectrometry 
 
FKO   mouse model of Fabry disease 
GAG    glycosaminoglycans 
Ga2Cer   digalactosylceramide  
Gb3Cer   globotriaosylceramide 
Gb4Cer  globotetraosylceramide 
GFAP    glial fibrillary acidic protein 
HPLC-ESI-MS/MS high-performance liquid chromatography/electrospray ionization tandem 
mass spectrometry 
HR-MS high-resolution mass spectrometry 
HS    heparan sulfate 
ICF   immunocytofluorescence 
ICM   inner cell mass 
IDS    iduronate-2-sulfatase 
IDS_Xmut/Y  male hemizygous patients with mucopolysaccharidosis type II 
IDS_Xmut/X  female heterozygous patients with mucopolysaccharidosis type II 
IHC    immunohistochemistry 
(i)PSC   (induced) pluripotent stem cells 
iPSC-D  spontaneously differentiated iPSC into nonspecific adherent cell types 
LAMP1   lysosomal-associated membrane protein 1 
LAMP2   lysosomal-associated membrane protein 2  
LIF   leukemia inhibitory factor 
LSD   lysosomal storage disease 
MAP2    microtubule-associated protein 2 
mEpiSC  mouse epiblast-derived stem cells 
MPS    mucopolysaccharidosis 
MS   mass spectrometry 
NAGA  α-N-acetylgalactosaminidase 
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NPC    neural progenitor cells 
OXPHOS  oxidative phosphorylation 
PBMC   peripheral blood mononuclear cells 
P/S    Penicillin-Streptomycin 
SCNT   somatic cell nuclear transfer 
SRT   substrate reduction therapy 
TALEN  transcription activator-like effector nucleases 
TGF   transforming growth factor  
TH    tyrosine hydroxylase  
XCI    X-chromosome inactivation  
Xi   inactivated X chromosome 
Xist   X-inactive specific transcript  
Xm(p)   maternal (paternal) X chromosome 
ZFN   zinc-finger nucleases 
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1. INTRODUCTION 
1.1. Sphingolipids and glycosphingolipids  
1.1.1. History 
The discovery of sphingolipids is attributed to J.L.W Thudichum, chemist and physician, who 
in 1884 first isolated and named several lipid compounds such as cerebroside, sphingosine, 
ceramide, sphigomyelin and cephalin (phosphatidylethanolamine) from human brain. 
Since then, glycobiology and sphingolipid biology have gained an attention of investigators in 
different fields and have become the subject of intense studies elucidating the role of 
sphingolipids and glycosphingolipids and other glycoconjugates in the structural integrity of 
the cell membrane, their participation in recognition and signaling events and last but not least, 
their involvement in pathological processes that are at the basis of certain human diseases 
(Yamakawa 1996; Wennekes et al 2009). This dissertation work deal with one specific group 
of rare disorders - lysosomal storage diseases (LSD). 
 
1.1.2. Glycoconjugates 
Glycoconjugates constitute a large family of substances containing one or more 
monosaccharide residues. The major types of glycoconjugates are glycoproteins, glycopeptides, 
peptidoglycans, proteoglycans, glycolipids and lipopolysaccharides. 
 
1.1.2.1. Proteoglycans and glycosaminoglycans  
Proteoglycans consist of a core protein and one or more covalently attached 
glycosaminoglycans (GAG) chains. GAGs such as dermatan sulfate, keratan sulfate, 
chondroitin sulfate, heparin, and heparan sulfate (HS) are linear polysaccharides that are formed 
by disaccharide building blocks consisting of an amino sugar (N-acetylated or sulphated 
glucosamine or N-acetyl galactosamine) and an uronic acid (glucuronic or iduronic acid) or 
galactose. On the other hand, hyaluronan does not occur covalently linked to proteoglycans but 
instead interacts with some proteoglycans non-covalently via hyaluronan-binding motifs. Most 
proteoglycans contain N- and O- links typically found in glycoproteins. The GAG chains are 
much larger than other types of glycans and typically contain approximately 80 sugar residues 
(Perrimon and Bernfield 2001).  
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The protein part of proteoglycans is synthesized by ribosomes and is translocated into the 
lumen of the rough endoplasmic reticulum. Glycosylation occurs in the Golgi apparatus in 
multiple enzymatic steps. Different subtypes of sulfated GAGs are attached to their core 
proteins by unique linkages. For example the biosynthesis of HS is initiated by a formation of 
a tetrasaccharide linkage region (Xylosa-Galactosa-Galactosa-Glucosamine) which is then 
attached to a serine side chain of the core protein as a primer for further polysaccharide chain 
extension. Virtually all mammalian cells produce proteoglycans which are secreted into 
extracellular matrix, inserted into plasma membrane, or stored in in secretory granules (Lindahl 
et al 2015). 
 
1.1.2.2. Glycosphingolipids  
Glycosphingolipids (GSL) are a group of complex glycolipids containing at least one 
monosaccharide residue linked by a glycosidic bond to the primary hydroxyl group of sphingoid 
(or ceramide) (Chester 1998). 
Sphingoids (sphingoid bases, sphingosines) are long-chain aliphatic amino alcohols 
representing the lipid skeleton to which amide-linked fatty acids are attached to form an 
acylsphingoid. Primary hydroxyl of sphingoid carries a head-group whose complexity ranges 
from a simple -H, e.g. in ceramide to highly complex glycoconjugates (gangliosides and other 
sialyl derivates, blood group sphingolipid antigens, etc.). Number of monosaccharide residues 
in an oligosaccharide chain is indicated by suffixes such as “diosyl”, “triaosyl”, “tetraosyl” etc. 
The basic chemical sphingoid structure is represented by the compound originally called 
“dihydrosphingosine” [(2S,3R)-2-aminooctadecane-1,3-diol] and its homologes, stereoisomers 
and hydroxyderivatives. Sphingosine [(E)-sphing-4-enine] is the most common unsaturated 
sphingoid, with a chain length of 18 carbon atoms (Fig.1). Chain-length homologs are named 
by the root chemical name of the parent hydrocarbon. Substituents such as hydroxy, oxo, 
methyl, etc. are referred to by appropriate suffixes that denote the position of each substituent 
(Chester 1998). 





Ceramides are N-acylated sphingoids. The amide-linked fatty acids of naturally occurring 
ceramides range in chain length from about C16 to C26. The complete chemical name for a 
specific ceramide includes the sphingoid and fatty acyl substituent. 
GSL are generally divided into two basic groups: 
A) Neutral GSL: 
-  mono-, oligo- and polyglycosylceramides 
B) Acid GSL (main groups):  
- sialoglycosphingolipids (gangliosides, containing one or more sialic acid residues) 
- sulfoglycosphingolipids (containing one or more carbohydrate-sulfate ester 
groups) 
 
1.1.2.3. ABO(H) blood group antigens 
ABO(H) blood group antigens are complex glycoconjugates composed of carbohydrate chain 
linked by a glycosidic bond to either the lipid moiety or to the protein backbone. They are 
widely distributed on erythrocyte membrane but also in body fluids, cells of normal tissues and 
tumors. 
The monosaccharide units in ABH oligosacharides are typically represented by D-galactose, 
D-glucose, N-acetyl-D-galacto- and -glucosamines, N-acetyl-D-neuraminic acid and L-fucose. 
These oligosaccharide structures are extremely variable in the chain length, in arrangement of 
sugar units and may have a dense branching, especially in glycoproteins. ABH active 
Fig.1: Structural formulas of sphingoid derivatives (Chester 1998). 
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glycosphingolipids with short carbohydrate chains (5 -10 monosaccharides per molecule) were 
reported to be present in small quantity in the erythrocyte membranes (about 5% of the total 
ABH active sites). Polyglycosyl-ceramides which are composed of very complex 
oligosaccharide structures (megaloglycolipids, up to 60 monosaccharide units), constitute about 
20%. Major part of the ABH active determinants is carried by glycoproteins (Schenkel-Brunner 
1995).  
According to the arrangement of monosaccharides in the chain, they belong to the basic 
oligosaccharide series defined as lacto, neolacto, globo, muco, isoglobo and ganglio series 
(Table 1). Specific blood group determinants are formed by three (A or B group) or two (H 
group) terminal sugar units, one of which is always L-fucose.  
 
Table 1: Series of GSL determined by oligosaccharide chain types.  
 Series Symbol Sugar abbreviation  
            IV                    III                    II                   I 
 Ganglio- Gg 
 
Gal(β1→3)GalNAc(β1→4)Gal(β1→4)Glc(β1→Cer) 
 Lacto- Lc Gal(β1→3)GlcNAc(β1→3)Gal(β1→4)Glc(β1→Cer) 
 Neolacto- nLc Gal(β1→4)GlcNAc(β1→3)Gal(β1→4)Glc(β1→Cer) 
 Globo- Gb GalNAc(β1→3)Gal(α1→4)Gal(β1→4)Glc(β1→Cer) 
 Isoglobo- iGb GalNAc(β1→3)Gal(α1→3)Gal(β1→4)Glc(β1→Cer) 
 Muco- Mc Gal(β1→3)Gal(β1→4)Gal(β1→4)Glc(β1→Cer) 
 
The H antigen structure is a precursor chain which is synthesized on four main types of 
oligosaccharide series (Table 1, bold). Type 2 (lacto series) is the major species in erythrocytes 
glycoproteins and glycolipids. Type 1 is found mostly in milk oligosaccharides and secretory 
glycoproteins, type 3 in glycoconjugates of epithelial tissues of the gut, lungs and glands. Type 
4 is associated preferentially with human kidney. Attachment of L-fucose to β-D-galactose of 
the precursor chain gives rise to the H-antigen, which, if not further modified, characterizes the 
blood group O.  The A and the B antigens are trisaccharide determinants containing α-N-
acetylgalactosamine for the A antigen, and α-D-galactose for the B antigen, both building upon 
the H antigen. Their synthesis is mediated by α-1,3-N-acetyl-galactosaminyl transferase (A 
antigen) and α-galactosyl transferase (antigen B) (Fig.2) encoded by corresponding A and B 
alleles of ABO gene, respectively. This gene is located on chromosome 9q34 (Meloncelli and 
Lowary 2010; Dean 2012). The inactive O allele does not encode any glycosyltransferase and 
appears to have no function. The biosynthesis of H antigen is controlled by a different gene in 
locus 19q13.3 (FUC1 previously known as H). The expression of ABH active substances in 
- 23 - 
 
secretory tissues and in secretions is controlled by another independent gene (FUC2 previously 




1.1.3. Chemical a biochemical function of GSL 
GSL are found in all eukaryotes and in some prokaryotes, fungi and viruses as components of 
membranes and lipoproteins. Their basic function is structural and includes important role in 
the formation of membrane microdomains (caveolae and rafts) involved in biologically 
significant cellular processes (Merrill et al 2007).  
Biological membranes are mainly composed of phospholipids, sphingolipids, cholesterol, and 
membrane-associated proteins and serve as a platform for signal transduction, cytoskeletal 
organization and vesicular trafficking. GSL also cluster to form membrane microdomains (lipid 
rafts) on plasma membranes. They contain cholesterol and sphingolipids at concentrations up 
to 50% higher than the rest of the membrane. The lipid rafts are thought to play central role in 
coordinating key cellular processes such as signal transduction, protein sorting (Gupta and 
Surolia 2010), intercellular interactions and recognition events (Hakomori and Handa 2002) .  
GSL represent various structures depending on the diversity of acyl chains and head group 
compositions. GSL containing saturated alkyl chains with higher transition temperatures differ 
from those containing unsaturated chains with a lower transition temperature influencing 
Fig.2: Synthesis of A and B antigens (Smolarek et al 2008).  
The biosynthesis starts from the precursor chain type II containing terminal β-galactose on the H antigen. The 
A and the B antigens are biosynthetized by the attachment of α-N-acetylgalactosamine or D-galactose to the H 
antigen. 
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membrane fluidity regulation. The transition temperatures of GSL are generally higher than 
those of other lipids. Long saturated acyl chains enable them to pack together more tightly, 
which explains why the melting temperatures of sphingolipids are much higher than those of 
phospholipids (Iwabuchi et al 2010).  
Ceramide forms hydrophobic moieties of more complex lipid molecules involved in the 
formation of micellar and membranous structures (Ulrich-Bott and Wiegandt 1984). Longer 
fatty acids in ceramides contribute to higher hydrophobicity. Ceramide and related metabolic 
compounds have been found involved in many cellular events such as induction of programmed 
cell death or autophagy, phagocytosis or stimulation of DNA synthesis. Saccharide part 
provides a polar character of the GSL which is increasing with the number of monosaccharide 
units. Thanks to this saccharide part, GSL are involved in a variety of biological activities 
including cell adhesion, differentiation, growth processes, initiation of signaling and providing 
attachment sites for bacteria, viruses and bacterial toxins (Kopitz 2017).   
 
1.1.4. GSL metabolism 
The endosomal/lysosomal network represents one of the major metabolic regulatory pathways 
in eukaryotic cells. This includes i) secretory pathway transporting newly synthesized enzymes 
and other proteins to the lysosomes/endosomes, ii) autophagic pathway delivering intracellular 
material for lysosomal degradation, and iii) salvage pathway facilitating discharge of lysosomal 
degradation products to other sites of the cells for reutilization. There are additional 
mechanisms closely cooperating with these metabolic pathways such as the ubiquitin-
proteasome system participating in efficient protein turnover or regulatory network CLEAR 
(Coordinated Lysosomal Expression and Regulation) which have been shown to be linked at 
the transcriptional level (Mehta and Winchester 2012).  
Biosynthesis of sphingolipids and glycosphingolipids 
The amounts and types of complex GSLs are determined by activities of key enzymes in 
accordance with the relative rate of biosynthesis versus the turnover of the particular molecular 
type. 
De novo biosynthesis begins with condensation of serine and palmitoyl-CoA by serine 
palmitoyl transferase to form 3-ketosphinganine, which is reduced to sphinganine 
(dihydrosphingosine), then N-acylated to dihydroceramide and subsequently desaturated to 
ceramide (Fig.3). In the salvage or recycling pathway, complex GSLs are gradually degraded 
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by specific exoglycosidases down to ceramide, which is then cleaved by ceramidase. 
Sphingosine product is mostly re-acylated to ceramide by ceramide synthase (LASS/CerS) 




Ceramide is precursor of signal molecule ceramide-1-phosphate.  Main biosynthetic pathways 
lead to sphingomyelin and also to glucosylceramide and galactosylceramide which are 
precursors of more complex sphingolipids (Merrill et al 2007).  The subcellular localization of 
sphingolipids, related metabolic enzymes and transport proteins influence their fate and 
function. Ceramide is synthetized in the endoplasmatic reticulum (ER) and transported to place 
of conversion to sphingomyelin via CERT protein transport to both the Golgi and at the plasma 
membrane. Galactosylceramide is synthesized in the lumen of the ER, whereas 
glucosylceramide is synthesized on the cytosolic side of the Golgi. For a subsequent step 
leading to higher-order GSLs, the biosynthesis must be translocated into the Golgi lumen (with 
participation of FAPP2 and GLTP proteins ), where all GSLs are primarily designed for export 
to the plasma membrane (van Meer et al 2008). 
 
 
Fig.3: Biosynthesis of ceramide and its conversion into other bioactive sphingolipids 
(Novgorodov and Gudz 2011). 
SPT - serine palmitoyl transferase, CK – ceramide kinase, C1P- ceramide-1-phosphate, ASMase - 
acid sphingomyelinase, GCase - glucosylceramidase, 
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Catabolism of sphingolipids and glycosphingolipids 
GSLs of cellular membranes enter the lysosomal compartment by endocytosis, phagocytosis or 
authophagy and are degraded on the surface of intra-endosomal/intra-lysosomal membrane in 
a sequential pathway. Monosaccharide units are cleaved off from the non-reducing end of 
oligosaccharide chain in stepwise manner by specific glycosidases. In case of degradation of 
saccharide chains of less than four sugars, these enzymes require assistance of small cofactors 
- activator proteins saposins A-D and GM2 activator. Products of the degradation leave the 
lysosomes to be processed in different way: either reutilized for the synthesis of more complex 
molecules, or they are exocytosed or transported to other compartments for further use. In 
addition to water-soluble hydrolytic enzymes, there are many non-catalytical lysosomal 
proteins of different functions, e.g. important for intracellular traffic of lipids and cholesterol. 
NPC1 and 2 proteins are examples of such specific molecules (Kolter and Sandhoff 2010). 
 
1.1.5. Inherited disorders of sphingolipid catabolism 
When the activities of lysosomal enzymes are impaired, degradation does not proceed normally 
and undegraded molecules accumulate in the organelle and intracellular membranes. 
Nowadays, about 50 inherited lysosomal diseases (lysosomal storage disorders - LSD) are 
known. They are caused by defects in genes encoding lysosomal acid hydrolases, protein 
activators and/or other lysosomal proteins (Fig.4).  
This dissertation is focused on the study of pathobiochemical and biological changes in two of 
these disorders, Fabry disease and mucopolysaccharidosis type II. 
 





1.1.5.1. Fabry disease 
Fabry disease (FD) is an X-linked recessive lysosomal storage disorder caused by mutations in 
lysosomal alfa-galactosidase A gene (GLA, EC 3.2.1.22). It results in progressive lysosomal 
accumulation of GSL with terminal alpha-galactosyl moieties, mainly globotriaosylceramide 
(Gb3Cer), small amount of galabiosylceramide (Ga2Cer) and blood group B GSL substrates in 
lysosomes of most cells (primarily in endothelial and renal cells, cardiomyocytes and 
fibroblasts) and body fluids (Fig.5) (Elleder 2010). 
Clinical manifestation in classically affected hemizygotes begins in childhood or adolescence 
and it may exhibit a variety of symptoms, some of which may not be present. They include 
neurological (pain), cutaneous (angiokeratoma), renal (proteinuria, kidney failure), 
cardiovascular (cardiomyopathy, arrhythmia), cerebrovascular (ischemic failure, strokes) 
problems. Heterozygous females may be asymptomatic but they can display symptoms ranging 
from very mild to severe (Scriver et al 2001).    
Fig.4: Scheme of lysosomal degradation of selected GSL and enzymes involved 
in their degradation (Sandhoff 2013). 
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Confirmation of the clinical diagnosis in hemizygous patients is based on evidence of deficient 
enzyme activity in plasma, leukocytes, chorionic villi or cultured amniotic cells. Enzyme 
analysis may occasionally help to detect heterozygous females but due to random X-




1.1.5.2. Mucopolysaccharidosis type II 
Mucopolysaccharidosis type II (MPSII, Hunter syndrome) is an X-linked recessive lysosomal 
storage disorder caused by mutations in the iduronate-2-sulfatase gene (IDS, EC 3.1.6.13). The 
enzymatic defect of IDS leads to an accumulation of two main GAG - dermatan sulfate and 
heparan sulfate (Fig.6) in tissues throughout the body (Suarez-Guerrero et al 2016). 
The Hunter syndrome comprises two recognized clinical entities, mild and severe, but these 
may represent two ends of a wide spectrum of clinical severity. Severe forms become clinically 
apparent between 2 and 4 years of age with fatal outcome. Clinical manifestation includes 
skeletal deformities, hearing loss, airway obstruction, hepatosplenomegaly, cardiomyopathy 
and progressive neurological impairment. The mild form is with a longer life span and slower 
progression of somatic deterioration (Scriver et al 2001).  
Confirmation of the clinical diagnosis is based on the proof of deficient IDS activity, genetic 
testing and elevated levels of GAGs in urine samples.  
Fig.5: Structures of the main substrates of AGAL (Scriver et al 2001). 
The arrow indicates the enzyme cleavage site of AGAL. 





1.1.5.3. Treatment of lysosomal storage disorders 
Currently, a number of lysosomal enzymopathies, such as Gaucher and Pompe diseases, FD, 
MPS type I, II, IV and VI, are treated by FDA (The U.S. Food and Drug Administration) and 
EMA (European Medicines Agency) - approved enzyme replacement therapies (ERT) which is 
now a gold standard in the treatment of LSDs. 
However, ERT also has some negatives - it requires a weekly or biweekly intravenous infusion 
of a recombinant enzyme, which is a great burden for the patient. In addition, the large enzyme 
molecule does not cross blood brain-barrier (BBB) because of its size, and thus treatment is not 
effective in patients with severe neurological forms. In some patients, the generation of 
antibodies against enzyme molecule may also complicate the therapy (Ponder 2008). 
Another form of the treatment is hematopoietic stem cell and bone marrow transplantation 
(HSCT / BMT) that allows healthy donor cells to colonize the recipient's deficient bone marrow 
and provides a constant source of enzyme. The significant benefit is the replacement of neural 
microglia cells with the healthy cells from the bone marrow precursors after the transplantation. 
Here too, the efficacy is variable and depends mainly on the progression of the disease 
(Czechowicz and Weissman 2011).  
Consequently, current research is developing new therapeutic approaches geared mainly to gene 
therapy (Hawkins-Salsbury et al 2011; Macauley 2016). Recombinant viral gene transfer 
vectors or gene therapy effectively target deficient proteins and enzymes into cells of the 
affected organs. Long-term gene expression, efficient transduction of disparate cell types, 
packaging capacity, and low immunogenicity can be achieved not only in the viscera but even 
in CNS. However, only direct intraventricular, intrathecal, or intraparenchymal injections allow 
to reach therapeutic levels in CNS though (Macauley 2016). Substrate reduction therapies 
(SRT) are another approach to LSDs treatment that have achieved success and FDA/EMA 
approval. Unlike ERT, SRT restores the balance between production and degradation of 
specific substrates by reducing the total amount of synthesized substrates, and residual 
Fig.6: Structure of the repeating disaccharide unit of heparan and dermatan sulfates. 
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hydolytic activity is then sufficient. Biosynthesis is restricted using small molecules that 
penetrate the BBB and thus can help to improve CNS function. This approach is actively being 
studied in preclinical model showing success in Gaucher disease, Fabry disease, Sandhoff 
disease, Tay Sachs disease, and Niemann-Pick type A/B (Chien et al 2013; Macauley 2016).  
As mentioned above, the nervous system is notoriously hard to treat given the presence of the 
BBB which is an issue of 70% of LSDs. Therefore nanoparticles and other carriers such as the 
fussion proteins (enzyme – APO proteins) are tested as enzyme transporters. Last but not least, 
it is chaperon therapy (enzyme enhancement therapy - EET) allowing stabilization of the 
incorrectly folded proteins with certain amenable mutations and helping to cross quality control 
check point and express its residual activity in lysosomes. The combination of several treatment 
methods is another option which is the subject of intensive research (Macauley 2016). However, 
the above methods cannot yet be considered as optimal. 
 
1.2. iPSC Technology 
1.2.1. Classification of cell potency 
Stem cells are a type of cells which are unique in two defining capabilities. They are able to 
self-renew indefinitely as well as they possess potency to give rise to more specialized - 
differentiated - cells. The most primitive stem cells have the potency to generate all the cell 
types in an organism but as they divide during embryonic development these cells gradually 
lose their differentiation potential (Fig.7). Based on this, the stem cells can be divided into 
following groups: 
Totipotent cells 
The cells stand at the top of the differentiation potential. They are derived from fertilized egg 
(zygote/blastomeres) and possess the potential to generate all the embryonic and extra-
embryonic cells. Thus, they can give rise to the whole organism (Singh et al 2016).  
Pluripotent cells 
Pluripotent stem cells (PSCs), descendant of totipotent stem cells, are capable of generating all 
specialized cells of three germ layers: endoderm, mesoderm, and ectoderm, but lack potential 
to contribute to the extra-embryonic tissues such as placenta. In humans, this feature is observed 
only in the blastocyst inner cell mass (ICM) during early embryo development. Identifying the 
culture conditions required for maintaining of pluripotency led to the derivation of embryonic 
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stem cells (ESCs) in vitro while keeping their self-renewal and differentiation potential. ESCs 
have opened the door to many novel research applications including modeling normal tissue 
development in vitro or potentially producing suitable cells for regenerative medicine (De Vos 
et al 2016). However, ESCs have also two main drawbacks: The derivation of human ESC lines 
is hampered by ethical issues concerning the destruction of human embryos. Moreover, it is 
exceedingly difficult to derive ESC lines with a specific genotype and almost impossible to 
obtain an autologous ESC line from a patient to avoid a development of adverse immunological 
effects after transplantation of the cells or tissues (Kolios and Moodley 2013).  
Discovery of induced pluripotent stem cells (iPSCs) seems to have solved these obstacles. The 
main advantage of iPSC technology is the fact that they are derived from adult specialized cells 
of the patients who are simultaneously their potential recipients. This avoids ethical issue of 
acquisition as well as the development of adverse immune-incompatibility effects. However, 
other problems may arise in connection with reprogramming and cultivation methods. The 
iPSCs should be reprogrammed without interfering with the host cell genetic material and 
should be manipulated under xeno‐free conditions especially for their application in 
regenerative medicine (Grabel 2012).    
Multipotent cells 
Multipotent cells, in contrast with PSCs, have limited differentiation potential. They can be 
differentiated only within one out of three germ layers they originate from (e.g. neural stem 
cells that give rise to the cell types of the nervous system: neurons and glial cells). This group 
includes adult stem cells in the developed organism, where they replenish dying cells and 
regenerate damaged tissues. Scientific interests in adult stem cells are focused on their ability 
to help to functionally regenerate the entire organs from few isolated cells (Kolios and Moodley 
2013). 
Oligopotent / Unipotent cells 
The developmental potential of these stem cells is further restricted and they retain ability to 
give rise to only a very limited or single cell type but they still possess the ability to fully renew 
themselves. For example, blast forming unit-erythroid which may be differentiated only to 
erythrocytes (Singh et al 2016). 




1.2.2. History of the reprogramming  
The first example of cellular reprogramming was reported by John Gurdon in 1962 during 
somatic cell nuclear transfer (SCNT): technique in which the nucleus of a somatic cell is 
transferred to the cytoplasm of an enucleated egg (with nucleus removed) (Gurdon et al 1958). 
The somatic nucleus is reset by egg cytoplasmic factors and the zygote (fertilized egg) is 
formed. This zygote can then generate an embryo that is genetically identical to the donor of 
the somatic cell nucleus. A culture of ESCs can then be established from the inner cell mass of 
the blastocyst even without complete understanding of nuclear reprograming. SCNT have been 
used to prepare mouse, monkey and human ESCs with wide potential for applications in 
medical research. 
Martin Evans and Gail Martin introduced the term of ESC for the first time in 1981 when his 
group established self-renewable cell lines from mouse pre-implantation embryo (Evans and 
Kaufman 1981; Martin 1981). Around the same time as the first mammalian SCNT efforts 
appeared, James Thomson derived the first human ESC lines (Thomson et al 1998) possessing 
and keeping the capacity to generate the cell types of all three germ layers. Practical application 
Fig.7: Lineage restriction of human developmental potency (Berdasco and Esteller 2011). 
Specific chromatin patterns and epigenetic marks can be observed during human development since they are 
responsible for controlling transcriptional activation and repression of tissue-specific and pluripotency-related 
genes, respectively. Global increases of heterochromatin marks and DNA methylation occur during 
differentiation.  
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of SCNT have been recorded in the reproductive cloning of animals by implanting an SCNT-
derived blastocyst into the uterus of a surrogate mother for development of the embryos into 
the whole organism. The first mammal animal was sheep Dolly born in 1996 (Wilmut et al 
1997).  
Due to the ethical and moral issues surrounding the use of ESCs, scientists have searched for 
ways to reprogram adult somatic cells back to the pluripotent state. In 1983 one group reported 
that the profile of gene expression in somatic cells can be changed through a fusion with other 
cell types which leads to their reprogramming (Blau et al 1983). They documented that silenced 
muscle-specific genes in human amniocytes are activated after cell fusion with muscle cells. 
Other groups reported that differentiated adult somatic cells grown in culture with ESCs fuse 
with the stem cells and acquire ESC-like properties and express pluripotency-associated genes. 
These findings led to the idea that specific genes/reprogramming factors could reprogram 
differentiated somatic cells. The involvement of reprogramming factors was documented by 
Davis in 1987 who described conversion of fibroblast to myoblast with a single transcription 
factor (Davis et al 1987). This process of converting one type of somatic cells into different 
type of somatic lineages is known as trans-differentiation.  
Finally, the works in this area led to the discovery of iPSCs that are (i) derived from somatic 
cells, (ii) possess self-renewal capacity, (iii) are able to differentiate to all three germ layers and 
thus are functionally and morphologically similar to ESCs. The pioneers of this technology are 
Kazutoshi Takahashi and Shinya Yamanaka who in 2006 first described a generation of iPSC 
from mouse embryonic and adult fibroblast by their reprogramming with retroviral vectors 
carrying four transcription reprogramming factors (Takahashi and Yamanaka 2006). One year 
later, two research groups independently reported the generation of iPSC from human 
fibroblasts (Takahashi et al 2007; Yu et al 2007). Since then, the technology has seen 
tremendous development in the use of various types of somatic cells as a source material for 
reprogramming techniques and different combinations of utilized transcription factors. The 
application of stem cells for drug discovery, disease modeling and regenerative medicine is also 
in the forefront of interest. 
 
1.2.3. Mechanism of reprogramming 
Takahashi and Yamanaka selected a minimal set of four main transcription factors (referred to 
as OSKM or Yamanaka’s factors) responsible for reprogramming of mouse and human 
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fibroblasts among the 24 tested candidates (Takahashi and Yamanaka 2016). They found out 
that expression of only four genes, encoding Oct3/4, Sox2, Klf4 and c-Myc, reproducibly 
induced formation of stem cell colonies. The efficiency of this process is quite low and the use 
of retroviral methods prevent iPSC from being applied in regenerative medicine. Therefore 
many researchers have attempted to discover alternative methods and new approaches to 
achieve greater efficiency of the reprogramming and improving iPSC safety.  
 
 
1.2.3.1. Reprogramming techniques 
The first reprogramming methods were based on retroviral (Takahashi and Yamanaka 2006) or 
lentiviral vectors (Hotta et al 2009) carrying four genes for reprogramming factors. They 
integrate into the host genome and thus they are associated with the risk of tumor formation due 
to the spontaneous reactivation of the viral transgene or aberrant transcriptome due to the 
integration mutations. Residual transgene expression itself can also influence efficiency of the 
reprogramming or later differentiation of iPSC into specific lineages.  
Therefore, new methods using adenoviral vectors (Stadtfeld et al 2008), plasmids, episomal 
vectors (Yu et al 2009), Cre/LoxP expressing vectors (Soldner et al 2009) allowing for transient, 
Fig.8: A scheme of iPSC generation and their most common clinical application (Diecke et al 2014). 
Somatic cells isolated from a patient are reprogramed into iPSC by transduction of reprograming factors. 
Genetic defects in iPSCs can be corrected (or conversely introduced in heathy iPSC) via gene editing with zinc 
finger nucleases (ZFNs), activator-like effector nucleases (TALENs), and the clustered regularly interspaced 
short palindromic repeats (CRISPR) system. Further, stable lines of iPSCs are differentiated into various target 
cells for disease modeling, drug screening, and stem cell therapy.   
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high-level expression of exogenous genes without integrated host genome in created stable 
iPSC lines, have been tested. Although these non-integrating vectors can also successfully 
generate iPSCs, their main drawback is the relatively low reprogramming efficiency. 
Other investigators have tried to move away from genetically based techniques and derived 
iPSCs using several DNA-free methods. The first reported approach describes the use of 
recombinant proteins fused with cell-penetrating peptides leading to serial protein transduction 
(Kim et al 2009; Zhou and Freed 2009). Other reported methods include (i) transgene delivery 
using RNA-based Sendai virus vector (Fusaki et al 2009), (ii) repeated administration of 
synthetic messenger RNAs with modifications helping to bypass innate anti-viral responses 
(Warren et al 2010), (iii) cell permeable and non-immunogenic small chemical compounds or 
small molecules modulating of the relevant signaling pathways, (iv) chromosomal epigenetic 
modifications and (v) metabolic processes (Hou et al 2013). Multiple of these protocols are 
used at this time but the non-integrating ones are preferred for preparing cellular models of 
inherited disorders or regenerative medicine research. 
 
1.2.3.2. Source of somatic cells for reprogramming 
Theoretically, most cells of our body can be used for reprogramming into iPSCs. However, skin 
fibroblasts, peripheral blood mononuclear cells (PBMC) and urine-derived cells are a “gold 
standard” so far especially for their relatively good accessibility and less- or non-invasive 
methods of collection.   
 
1.2.3.3. Characterization of iPSC 
iPSCs correspond to the ESC with their morphology, self-renewal capacity, surface and nucleus 
markers of pluripotency, gene expression, in vitro differentiation into all three germ layers, 
teratoma formation after injection of the cells into immune-deficient mice or their ability to 
form chimeric organisms after their implantation into developing blastocysts. These 
characteristics have become the basic methods to evaluate the quality of generated iPSC. The 
most frequently used methods are based on detection of pluripotency markers such as NANOG, 
OCT4, SSEA4, LIN28, SOX2 by immunocytofluorescent methods and the ability of iPSC 
spontaneously differentiate into three germ layers.     
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1.2.3.4. Epigenetic memory of the iPSC 
The so called pluripotency genes in somatic cells are kept in repressed state by chromatin 
modifications such as DNA methylation of their regulatory regions. During reprogramming, 
these genes are reactivated and epigenetic repression is removed. Several studies have 
demonstrated that the iPSC lines still retain background epigenetic memory of source cells 
which could be limiting factor for the reprogramming and subsequent differentiations.  
Analysis of DNA methylation reveals substantial differences between iPSCs and embryo-
derived ESCs (Kim et al 2010; Gomes et al 2017) suggesting that low-passage iPSCs conceal 
residual DNA methylation signatures characteristic of their somatic tissue of origin. The 
process of effective reprogramming involves a complete remodeling of the existing somatic 
epigenetic memory. It is also assumed that the residual methylation in generated iPSCs favors 
their differentiation along lineages related to the donor cell, while restricting alternative cell 
fates. Demethylation of cytosines in the respective promoter regions is necessary for 
reactivation of genes and thus inhibition of methylation by enzymes or interfering RNA may 
be an option to improve the process of reprogramming and thus their self-renew capacity and 
potency, differentiation and also application in regenerative medicine (Gomes et al 2017).  
 
1.2.3.5. iPSC metabolism  
Cellular metabolism is the collection of chemical reactions that capture and release energy from 
nutrient, break down organic matter and build new substances in order to sustain life and allow 
the cells to grow, repair damages and respond to environmental changes. It has been 
demonstrated that cellular metabolism changes during its differentiation (Wu et al 2016). In 
contrast to somatic cells, PSCs show higher rates of glycolysis and lower levels of 
mitochondrial metabolism marked by extensive remodeling of the structure and function that 
appears to be essential for reprogramming and maintenance of pluripotency in iPSCs. Low copy 
number of mitochondrial DNA, low density of spherical mitochondria without well-developed 
cristae structures, lower inner mitochondrial membrane potential, all of which is in accordance 
with down-regulation of their function, are the prominent features of mitochondria in all stem 
cells (Hsu et al 2016; Wu et al 2016). Further, ESC and iPSCs have low demand for adenosine 
triphosphate (ATP) synthesis by oxidative phosphorylation (OXPHOS) as well as a strong 
antioxidant defense system and low level of oxidative stress. During reprogramming of 
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fibroblasts into iPSCs, the transition from OXPHOS to glycolysis as a major source of ATP has 
been demonstrated (Varum et al 2011). 
 
1.2.4. In vitro disease modeling  
The prominent application of the iPSC technology is disease modeling since this technique 
allows the setting up patient-derived cell lines that carry all genetic variations leading to the 
particular disease. Especially in case of rare, fatal diseases where biological study material is 
scarce, iPSCs help to keep the immortal line, produce consistently sufficient amount of material 
for experiments and obtain disease relevant cell types by their differentiation. Thus, iPSCs 
provide an experimental in vitro system to study pathogenesis of the disease and to possibly 
develop and test therapeutic strategies (Robinton and Daley 2012). Some of the most 
remarkable advancements were made in neurodegenerative diseases that are often recapitulated 
in animal models incompletely. 
Trans-differentiation of somatic cells 
Trans-differentiation is a process in which one mature somatic cell transforms into another one 
without undergoing an intermediate pluripotent state and potentially have the same applications 
as iPSCs in terms of disease modeling, drug discovery and regenerative medicine. Direct 
reprogramming of somatic cells or trans-differentiation has been developed to directly 
transform fibroblasts into induced myoblasts (Davis et al 1987; Tapscott et al 1988), neuronal 
cells (Vierbuchen et al 2010), cardiomyocytes (Ieda et al 2010) and hepatocytes (Huang et al 
2011) under the defined conditions or specific factors supplement.  
Differentiation of iPSC 
Somatic cell formation via the iPSC stage is the leading approach because rapidly dividing iPSC 
cells serve as an intact cell source for differentiation of multiple cell types of interest without 
the need for a long-standing reprogramming path during trans-differentiation. 
Currently, the major research effort is invested into the development of protocols for the 
differentiation of iPSCs into cardiomyocytes and neural cells. This is apparently given by the 
frequent occurrence of cardiovascular (LQT syndrome, diabetic cardiomyopathy, etc.) and 
neurogenerative (i.e. Alzheimer and Parkinson disease) diseases in population. There have been 
many attempts to regulate ESC/iPSC differentiation by various factors, including mainly Wnt, 
activin A, and BMP signaling, which have led to efficient production of cardiomyocytes. On 
the other hand, the use of retinoic acid with serum-free medium, ascorbic acid, FGF2, epidermal 
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growth factor (EGF) and neural supplements like B27 or N2 have been shown to play an 
important role in neural differentiation (Skalova et al 2015).  
Disease modeling includes the simultaneous involvement of several cell types. Co-culture 
experiments of more than one cell type for the study of different cell type interactions, protocols 
to differentiate PSCs into tissue stem cells and 3D organoid cultures have been made in recent 
years(Shi et al 2017). Organoids are small functional tissue units comprised of several distinct 
cell types that can be maintained and used to recapitulate features of tissues rather than that of 
individual cell types in vitro (Sato et al 2011; Lancaster et al 2013). 3D organoids are promising 
tool for disease modeling enabling the study of disease manifestation and drug testing at the 
level of an organ. However, limitations of low efficiency and reproducibility compared to 
traditional 2D cultures still have to be overcome (Shi et al 2017).  
 
1.2.4.1. Genome editing of iPSC 
An important issue of iPSC technology is the variability of individual iPSC lines in their ability 
to differentiate into desired functional cell types. This variation among cell lines is hard to 
predict and is mostly caused by both genetic background differences and the reprogramming 
history of a given cell line. Thus, detection of small phenotypic differences between cells 
differentiated from iPSCs may not reveal a disease-relevant phenotypic difference but rather 
reflect variation between individual iPSC lines (Hockemeyer and Jaenisch 2016; Shi et al 2017). 
Genome editing technologies enable the introduction of genetic changes into iPSCs in a site-
specific manner. These are insertion of a specific mutation in healthy control lines or correction 
of a disease-causing gene mutation in patient-derived iPSCs for generation genetically matched, 
isogenic iPSC pair. This technology allows to identify an actual pathology connected with the 
mutation in certain gene without interference by genetic background (Fig10). Genome editing 
allows to study very rare diseases when it is virtually impossible to obtain patient‘s samples. It 
is helpful in studies of familial mono-allelic diseases as well as complex idiopathic diseases 
where phenotypic differences can be very slight. The comparison of pathological state with 
isogenic control is the most important benefit of these techniques  (Hockemeyer and Jaenisch 
2016).    
 




Zinc-finger nucleases (ZFN), transcription activator-like effector nucleases (TALEN) and 
clustered regularly interspaced short palindromic repeats/Cas nuclease 9 (CRISPR/Cas9) 
system are the three methods used for specific genome editing in human iPSC. They cause 
DNA double-strand breaks at the desired site of the genome by programmable site-specific 
nucleases (Carroll 2017). The CRISPR/Cas9 method has come to the fore because of its 
simplicity in design but appearance of off-target mutations is relatively high. It is using RNA-
guided site-specific DNA double strand breaks triggering either non-homologous end joining 
to create small indels which disrupt the targeted locus or the homology-directed repair pathway 
allowing for precise sequence modification changes to be made (point mutations, insertions, 
deletions) (Carroll 2017).  
 
1.2.4.2. Primed and naïve state of iPSC and the study of X-inactivation 
Primed and naïve state of iPSCs 
Human ESCs (hESCs) were shown to exist in a state of primed pluripotency, while mouse ESCs 
(mESCs) may display both naïve and primed pluripotent state (Fig.11).Primed mouse epiblast-
derived stem cells (mEpiSCs) are establish from the post-implantation epiblast.  They are 
morphologically similar to primed hESCs and iPSCs after reprogramming. These cells display 
flat, monolayer colony morphology, low single-cell clonogenicity dependence on 
Fig.10: A comparison of two study designs for disease modeling using human pluripotent stem cells 
(Musunuru 2013). 
A) iPSCs are reprogrammed from an individual with the disease and a control individual. The iPSCs are 
differentiated into a cell type of interest for comparison of relevant phenotypes. (B) hPSCs are modified with 
genome editing, thereby creating optimally matched cell lines.  
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TGFb/activing/nodal signaling and show inefficiency to contribute to chimeras (Tesar et al 
2007). 
Naïve mESCs are derived from the inner cell mass of the preimplantation blastocyst. They show 
round, dome-shaped cell colony morphology, high single-cell clonogenicity facilitating bulk 
culture, more homogeneity leading to efficient direct differentiation towards germ layer 
derivatives, all favoring for future practical applications. They are cultured in serum/leukemia 
inhibitory factor (LIF) or inhibitors of MEK and GSK3 signaling pathways along with LIF 
medium (Tesar et al 2007).  
Whether naïve state exists in hESCs in vivo is unclear but attempts have been made to establish 
naïve state in cultivated primed iPSC to directly answer this question. Several groups have 
formulated protocols to induce naïve pluripotency in hESCs/iPSCs mostly by development of 
special naïve culture media (Gafni et al 2013). These cells show gene expression profiles more 
closely resembling those of mESCs, but still with certain differences suggesting the role of 
some epigenetic barriers such as histone modification, DNA methylation and female X-




Fig.11: Achievement of mouse naïve pluripotency through three different routes (De Los 
Angeles et al 2012).  
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XCI in female iPSCs 
Female XCI is established during the early embryogenesis by distinct spatiotemporal 
regulation. It is a process by which one of the two X chromosomes present in normal female 
mammalian cells is inactivated and forms a transcriptionally inactive heterochromatin. The 
particular parental inactivated X chromosome (Xi) retains its inactivation status throughout the 
lifetime of the cell even after cell divisions.  
Mouse cells undergo an early, imprinted inactivation of the paternally-derived X chromosome. 
During embryogenesis, the extraembryonic tissues (which give rise to the placenta and other 
tissues supporting the embryo) retain imprinted inactivation of the paternal X chromosome (Xp) 
which first appears at two-cell to four-cell stage embryos. Only the maternal X chromosome is 
active in these tissues. The Xp is then reactivated at the blastocyst stage and random XCI occurs, 
resulting either the maternal X chromosome (Xm) or the Xp being silence (Pinheiro and Heard 
2017).  
There are four stages associated with XCI, referred to as counting, choosing, initiation, and 
maintenance. All these stages are mediated by the X-inactivation center, which contains the 
RNA-encoding X-inactive specific transcript (Xist) locus. Xist RNA is necessary for the 
initiation of silencing and surrounds the X chromosome selected to be inactivated. Although 
the exact mechanism involved in counting remains elusive, there is an evidence suggesting that 
the cell utilizes the ratio between X chromosomes and autosomal chromosome number in order 
to ensure that only one X chromosome is active. This process is so precise that only one X 
chromosome is active even in instances where individuals have more than two X chromosomes 
(e.g. 47, XXX syndrome). Xist forms a “cloud” around the inactivated X chromosome by 
binding to areas along the length of the chromosome from which Xist is actively transcribed. 
This results in the loss of RNA polymerase II, initiation factors, and other components 
necessary for transcription in the areas covered by Xist (Dandulakis et al 2016; Pinheiro and 
Heard 2017). The chromatin of inactivated chromosome is then modified by CpG methylation 
and specific histon acetylation and methylation which helps maintaining the XCI status during 
semiconservative DNA replication. 
Some studies suggest that reprogramming of human and mouse somatic cells into iPSCs is 
accompanied by reactivation of X chromosome in female cells at the very early reprogramming 
stage (Marchetto et al 2010; Tomoda et al 2012). Later, these cells are subjected to the reverse 
inactivation of one of the chromosomes during first passages in culture. For mouse fibroblasts, 
it has been shown that the XCI becomes reactivated during the reprogramming process given 
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by the presence of H3K27me3 focus and Xist RNA, followed by random XCI upon 
differentiation of these miPSCs (Maherali et al 2007; Stadtfeld et al 2008). On the other hand, 
most studies of multiple female human iPSCs/ESCs suggest that the parental origin of 
inactivated chromosome may be the same as in the original in somatic cell that was 
reprogrammed (Tchieu et al 2010; Amenduni et al 2011; Ananiev et al 2011). Primed female 
hPSCs usually feature an inactive X chromosome during following passages of iPSCs, however, 
a process referred to as erosion was also described which is frequently accompanied by the 
loss of Xist RNA expression during the later passages of female iPSC cultures (Mekhoubad et 
al 2012).   
Despite intensive research, very little is still known about X chromosome reactivation in human 
naïve ESCs/iPSCs and thus we focused in this study of XCI state in two female iPSC lines with 
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2. AIMS OF THE STUDY 
 
Autoptic (or bioptic) tissues from patients and tissues from mouse models of certain diseases 
still represent material of choice for investigation of a wide range of metabolic disorders.  Both 
these sources, however, have some limitations. Examinations of human tissues allow us to study 
pathogenesis only in the final stages of the disease and availability of appropriate material is 
very limited. Mouse models - on the other hand, allow monitoring of the disease progression 
from early stages and testing of various therapeutic possibilities. But, as has been shown 
multiple times, the mouse model of a particular disease may not reflect its human form entirely, 
such as in severity of the disease and in various specific phenotypic characteristics. 
The technology of induced pluripotent stem cells (iPSC) constitutes modern approach to study 
rare diseases. The iPSC lines are prepared directly from the patient's cells reflecting the 
metabolic and genetic basis of the disease. Broad differentiation potential allows studying the 
disease pathobiochemistry from the initial stage and testing possible therapies targeted to 
relevant cell types.  
This dissertation employs all the above-mentioned sources for monitoring pathological changes 
in two X-linked lysosomal storage disorders, Fabry disease (FD) and type II 
mucopolysaccharidosis (MPSII). The design of the study includes following topics: 
 
2.1. Study of human and mouse tissues with biochemical phenotype of FD focused on 
the nature of storage of undegraded substrates.  
2.1.1. Investigation of metabolic fate of glycoconjugates with terminal α-galactosyl 
moieties in the pancreas of FD patients with blood group B (FD-B): 
- Analysis of blood group B antigens and Gb3Cer in the FD pancreas. 
Comparison of lipid profiles of various tissues (pancreas, kidneys and lungs) 
in FD patients and controls. Characterization of lysosomal depositions of 
undegraded substrates in various pancreatic cell types. 
2.1.2. Study of renal sphingolipid distribution in the knockout mouse model of FD 
(FKO): 
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- Determination of renal sphingolipid profiles in the FKO and WT mouse tissues 
by MS. 
- Distribution of Gb3Cer isoforms in the kidneys of the FKO and WT mice by 
MS-imaging and by immunohistochemistry.  
  
2.2. Creation of human FD and MPS II cell models using induced pluripotent stem cell 
technology. 
- Generation of stable iPSC lines by reprogramming peripheral blood 
mononuclear cells of patients with FD, MPSII and of control individuals.  
2.2.1. X chromosome inactivation analysis in female patients with FD and MPSII:             
- Creation of naïve iPSC from generated primed iPSC of hemizygous patients and 
analysis of possible X chromosome reactivation during the process.  
2.2.2. Neural model of CNS involvement in MPSII:  
- Differentiation of MPSII-iPSC and identification of cell types affected by 
GAG storage. 
-  Monitoring the efficiency of the recombinant enzyme delivered during neural 
cell differentiation: ERT testing. 
2.2.3. FD cardiomyocytes generated from iPSC as a human model for testing of 
therapeutic effect of pharmacological chaperones: 
- Differentiation of FD-iPSC and description of disease phenotype in FD-CM to 
assess the suitability of the model for molecular chaperones testing. 
2.2.4. CRISPR/Cas9 generation of iPSC models of FD and Schindler disease 
- Genome modification in human iPS cells to generate knockout in two 
lysosomal hydrolases, GLA gene, NAGA gene and double knockouts of both 
genes. 
- Loading experiments with tritium-labeled glycolipids in spontaneously 
differentiated control and disease-iPSC to help elucidation of suspected   
substrate specificity overlap of AGAL and NAGA. 




3.1. Study of human and mouse tissues with biochemical phenotype of FD focused on 
the nature of storage of undegradable substrates 
3.1.1. Investigation of metabolic fate of glycoconjugates with terminal α-galactosyl 
moieties in the pancreas of FD patients with blood group B (FD-B) 
Human tissue samples of all Fabry patients and control individuals were collected at autopsy 
and all samples were fixed with 4% paraformaldehyde. Detailed information about individual 
patients, methods of sample processing and methods of individual analyzes are reported in the 
enclosed publication A (pages: 87-89). 
3.1.2. Study of renal sphingolipid distribution in the knockout mouse model of FD 
(FKO) 
The studied Gla C57BL/6 knockout model (FKO) was a 70-week-old male mouse. For a 
control, a wild-type (WT) isogenic 70-week-old male C57BL/6 mouse was used. Detailed 
information about methods of sample processing and individual analyzes are reported in the 
enclosed publication B (pages: 98-99).  
  
3.2. Creation of human FD and MPS II cell models using induced pluripotent stem cell 
technology 
Peripheral blood mononuclear cells used for reprogramming were isolated from collected blood 
of one male (IDS_Xmut/Y with c.[1181-1G>A] IDS mutation) and one heterozygous female  
(IDS_Xmut/X with c.[1403G>A] (p.Arg468Gln) IDS mutation) MPS II patients, one male 
((FD_Xmut/Y with c. [277 G>A] GLA mutation) and one heterozygous female FD patient 
(FD_Xmut/X  with c. [838C>A] (p.Gln280Lys) GLA mutation). Four healthy individuals 
without diagnosis of any lysosomal disease were used as controls. Generation of iPSC lines, 
and their characterization are reported in the enclosed publications D and E (pages: 131-132 
and 148-153).  
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3.2.1. X chromosome inactivation analysis in female patients with FD and MPSII 
Female MPSII-iPSCs and FD-iPSCs were used for examination of XCI status in both primed 
and naïve state. Methods of achievement of naïve state in primed iPSC after reprograming and 
further analysis are described in the publication D (pages 131-132).   
3.2.2. Neural model of CNS involvement in MPSII 
MPSII-iPSCs were used for differentiation into neural lineage cells for study of neural 
involvement pathology of the disease and testing of ERT. Methods of differentiation and further 
analysis are described in the publication E (pages 148-153).   
 
3.2.3. FD cardiomyocytes generated from iPSC as a human model for testing of 
therapeutic effect of pharmacological chaperone 
Differentiation of iPSCs into CM  
The generated control and FD-iPSCs were differentiated into functional CM based on the 
previously published protocol using glycogen synthase kinase 3 and Wnt inhibitors (Lian et al 
2013). In brief, healthy and FD-iPSCs were cultivated on plates pre-covered with GelTrex™ 
(ThermoFisher Scientific Inc., USA)  in the mTESR1 medium (STEMCELL Technologies, 
Vancouver, Canada) for two passages necessary for feeder cells removal. 10 µM Y27632 
(Tocris Bioscience, UK) was added first day of passage for survival of single cells in the 
suspension. When the cells were 100% confluent, mixture of 12μM CHIR99021 (STEMCELL 
Technologies, Vancouver, Canada) in RPMI/B-27-insulin medium consisting of RPMI 1640 
medium, 1x B27 Supplement, minus insulin and 100 of U/ml penicillin, 100 μg/ml streptomycin 
(all from ThermoFisher Scientific Inc.) was added. After 24 hours, the medium was replaced 
with fresh RPMI/B-27-insulin medium without CHIR99021. After 72 hours, the medium was 
replaced with combined medium prepared with old medium : fresh RPMI/B-27-insulin medium 
(1:1), supplemented with IWP2 (Tocris Bioscience, UK) with final concentration of 5 μM. After 
5 day, old medium was replaced with fresh RPMI/B-27-insulin medium and was changed every 
other day until emergence of spontaneously beating clusters of CM.   
Characterization of iPSC and iPSC-derived CM by immunostaining 
The cells were fixed in 4% paraformaldehyde in PBS for 15 min, permeabilized with 0.2% 
Triton-X100 in PBS for 5 min, and blocked in 10% goat serum (ThermoFisher Scientific Inc.) 
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in PBS for 1 hour, all at room temperature. The cells were incubated overnight at 4 °C with 
primary antibodies against Troponin T (ThermoFisher Scientific Inc., cat# MA5-12960), 
Troponin I (Santa Cruz Biotechnology, cat# sc-15368), Nkx2.5 (Santa Cruz Biotechnology, 
cat# sc-14033) and smooth muscle actin (DakoCytomation, Glostrup, Denmark, cat# M0851) 
for detection of cardiomyocytes. All antibodies were diluted in blocking buffer. Next day, the 
cells were washed with PBS (5x 5 min) and labeled with Alexa Fluor 488- and Alexa Fluor 
568-conjugated species-specific secondary antibodies (ThermoFisher Scientific Inc.) for 1 hour 
at 37 °C. The cells were then washed with PBS (5x 5 min) and nuclei were counterstained using 
4',6-diamidino-2-phenylindole (DAPI, ThermoFisher Scientific Inc.) for 15 min at 37 °C. The 
sections were mounted on slides using Immu-Mount medium (ThermoFisher Scientific Inc.). 
Images were taken using either a Nikon Ti80 (Nikon Instruments Europe BV, Netherlands) or 
a Leica SP8X confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany). 
Loading of recombinant AGAL into CM   
The recombinant enzyme (Replagal, Shire Pharmaceutical, Lexington, MA, USA), at a final 
concentration of 1 μg/ml in the RPMI/B-27-insulin medium with antibiotics P/S, was added to 
spontaneously beating CM (4-weeks old) for 5 days. Control cultures without the recombinant 
AGAL were prepared in parallel. 
 
3.2.4. CRISPR/Cas9 generation of iPSC models of FD and Schindler disease 
Generation of mutant iPSC lines by CRISPR/Cas9 system 
The RNA-guided Cas9 nuclease was used for generation of mutant cells with AGAL, NAGA 
deficiency and with deficiency of both enzymes according to the previously published protocol 
(Ran et al 2013). In brief, 20-nt target genomic sequences were designed by an online CRISPR 
Design Tool (http://tools.genome-engineering.org). Top and bottom strands of oligos for each 
sgRNA design were annealed and phosphorylated with T4 polynucleotide kinase. The sgRNA 
oligos were cloned into the pSpCas9(BB)-2A-Puro (PX459) vector (Addgene, Cambridge, 
USA) for co-expression with Cas9. The sgRNA-expressing plasmid was used for 
transformation of competent E. coli strain: Library Efficiency® DH5α™ (ThermoFisher 
Scientific Inc., USA) and subsequently purified with QIAGEN Plasmid Maxi Kit (QIAGEN, 
Hilden, Germany). The sequence of each colony was verified by sequencing from the U6 
promoter using a U6-Fwd primer.  
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Healthy iPSC (25th passage) were cultivated in mTESR1 medium for feeder cells removal as 
described in paragraph 3.2.3. Transfection was performed with 0.5x106 of the iPSC, 17 μg of 
the plasmid in 100 μl tips and device setting of 1.05 kV; 2x20 ms by Neon transfection system 
(ThermoFisher Scientific Inc., USA). The iPSCs were placed onto 6well plate containing feeder 
cells and cultivated overnight in the mTESR1 medium : HES medium (1:1). 2.5 μg/ml of 
puromycin dihydrochloride (Sigma-Aldrich Inc., USA) in fresh HES medium was added to the 
cells on the second day. New feeder cells in HES medium were added after 48 hours of 
electroporation and medium was changed every other day. Colonies of iPSC began to form after 
one week. Colonies were picked up to 24well plates containing feeder cells and then propagated 
to create stable iPSC lines. Mutant cells with enzymes deficiency were verified in cell 
homogenates by enzyme assay with fluorogenic substrates (Hartree 1972; Voznyi et al 2001). 
Loading experiments 
iPSCs were seeded in 6 well plates pre-coated with gelatin in DMEM containing 10% of FBS 
and let to spontaneously differentiate into nonspecific adherent cell types (iPSC-D). iPSC-D 
were reseeded at least two times before they have been used for loading experiments.  Blood 
group GSL A-6-2, B-6-2 and globotetraosylceramide (Gb4Cer) were isolated and purified from 
outdated human donor blood concentrates and radioactive labeled as described previously 
(Asfaw et al 2002) 
iPSC-D were cultivated in 6 well plates to near-confluency in DMEM medium with 10% of 
FBS.  The culture medium was replaced with 2 ml of medium with radioactive glycolipid 
substrate (107 dpm) and 0.5mM conduritol -B-epoxide (CBE) and the cells were further 
cultivated for 4 days. Cultivation of iPSC-D was terminated by removing the medium and 
washing the cells with PBS (2 ml per well). The cells were harvested with Accutase (200 µl, 
37oC, 3 min, ThermoFisher Scientific Inc., USA). The cell suspension was transferred to 1.5 
ml Eppendorf tubes with 1 ml of fresh culture medium and centrifuged (300xg, 10 min, RT). 
After removing the supernatant, the cell pellets were re-suspended in 1 ml of PBS and the 
centrifugation was repeated. 
The cell pellets were homogenated by sonication on ice in 250 μl of ultrapure water (30 seconds, 
pulse-pause, 20% output cup-horn sonifier). 200 µl of cell homogenates were transferred to 
glass tubes and mixed vigorously with 800 µl of chloroform: methanol 2:1. The mixtures were 
centrifuged (300xg, 10 min., RT) and the upper and lower phases carefully aspirated and saved. 
The inter phases were re-extracted with another 800 µl of chloroform: methanol 2:1 and mixed 
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with the former extract.  The combined extracts were evaporated until dryness under N2 gas. 
The residues were re-dissolved in 50 µl of chloroform: methanol 2:1 and applied to HPTLC 
plate (Merck, Germany).The chromatogram was developed in mobile phase composed of 
chloroform: methanol: H2O 70: 30: 5 (v/v/v). The evaluation was performed by TLC-Linear 
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4. RESULTS AND DISCUSSION 
 
4.1. Study of human and mouse tissues with biochemical phenotype of FD focused on 
the nature of storage of undegradable substrates.  
4.1.1. Investigation of metabolic fate of glycoconjugates with terminal α-galactosyl 
moieties in the pancreas of FD patients with blood group B (FD-B). 
In 1973, Wherrett and Hakomori first described B-antigens accumulated in the pancreas of a 
FD patient with blood group B. Since this first report, the possible contribution of non-degraded 
B-GSL to the pathophysiology of FD pancreas has not been systematically explored. Individual 
reports have suggested that such defect in degradation does not aggravate the disease phenotype 
in patients with blood B or AB (Lidove 2002). Although gastrointestinal problems are relatively 
frequent (Desnick et al 2001), the number of analyzed FD-B patients has never been extensive, 
also due to low frequency of blood group B individuals in the general population (Garratty et 
al 2004) . We had a unique opportunity to analyze autopsy material of two male FD patients, 
blood group B secretors, to confirm previous findings and broaden the knowledge about the 
consequences of storage process in the FD pancreas. We also used this possibility to compare 
the biochemical data between secretory (kidneys) and non-secretory (lungs) organs from FD 
patients with blood B and O groups and from appropriate controls. 
Presence of neutral GSLs and B-GSLs in extracts from autopsy tissue samples was examined 
by HPTLC (with chemical detection and specific immunostaining), HPLC-ESI-MS/MS and 
FIA-ESI-MS/MS analysis. As expected, orcinol detection of neutral GSL isolated from 
pancreatic tissue revealed increased accumulation of Gb3Cer in the patients with FD 
irrespective of blood group (Fig.12).  
 




However, notable was the massive deposition of complex immunopositive B-GSLs in the 
pancreas of patient with blood group B in comparison with controls of the same blood group. 
As for B-GSLs, the immunopositive bands were more pronounced in the kidneys compared to 
the lungs, but much weaker than in the pancreas. Only trace amounts of B-GSLs were detected 
in the lung tissue of FD-B patients (Fig.13). This variability likely relates to the differences in 
metabolic turnover of organ-specific cell types as well as subcellular lipid distribution and/or 
localization.   
 
Fig.12: HPTLC analysis of neutral GSLs in the pancreas. 
Orcinol detection (a) of neutral GSLs in FD pancreas showed increased deposition of Gb3Cer (blue dashed line 
rectangle). However, in the FD-B1 patient, B-GSLs were identified as additional deposited substances with 
considerable structural diversity in the carbohydrate moiety, as documented by immunodetection (b).  
B-GSLs with 6, 7, or 9 monosaccharides in the chain located in the lower part of the chromatogram (red full line 
rectangle in (a). S1 – GSL standards. 
 
Fig.13: TLC analysis of neutral GSLs and B-GSLs in the pancreas, kidneys and lungs.   
Orcinol detection of neutral GSLs revealed the largest deposition of Gb3Cer in the kidneys of both Fabry 
patients compared to pancreas and lungs. B-GSLs in kidneys were also increased but less than in the pancreas. 
In contrast, only traces of B-GSLs were detected in the lungs. B-polyGL – B-polyglycosylceramides 
containing more than 9 monosaccharide units.  
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Spectrum of B-GSLs in the pancreas was acquired by HR-MS in the m/z range 1425 - 1850 
with DataAnalysis 4.0 software and was evaluated by mMass software connected to 
LipidMAPS. In the selected m/z range, broad representation of various oligosaccharide and 
lipid structures of blood GSLs were identified in the FD pancreas ranging from 5 to 7 sugars in 
the oligosaccharide chain. Such B-GSL rich spectrum was not observed in controls (Fig.14). A 
remarkable biochemical finding was that besides the dominant species with six (B-6) and seven 
(B-7) sugar residues, the whole series of highly complex B-GSLs accumulated in the FD-B 
pancreas. Although MS cannot distinguish between isobaric compounds (compounds with the 
same elemental composition), the authenticity of B-positive GSLs was confirmed by HPTLC 
immunodetection (Fig. 12b, Fig. 13b).        
                                                                                                                                                                               
 
 
Compared to controls, up to a 30-fold increase in the B-6 glycolipid (about 135 vs 4.5 pmol/mg 
protein) was identified in both FD-B patients by semi-quantitative HPLC-ESI-MS/MS 
(Supplementary publication A, page: 90). This contrasts with approximately 6-fold elevation 
of Gb3Cer in FD-B pancreatic homogenates (Table 2). The amounts of other neutral GSLs 
were normal. The only exceptions were the Gb3Cer and ceramidedihexoside (CDH) fractions. 
The latter contains Ga2Cer, which is another minor AGAL substrate represented in the kidneys 
and elevated in FD patients (Table 2). Interestingly, the massive GSL storage is accompanied 
Fig.14: High resolution mass spectra of blood group B-GSLs in the pancreas. 
Molecular species of major elevated B6, B7 (and B5) glycolipids are labeled and their ceramide composition is 
indicated. The structure of the blood group B antigenic determinant comprising three terminal monosaccharides 
is marked in red. The X in the GSL represents other possible saccharide units in the oligosaccharide structure. 
The Y indicates the hydrophobic core ceramide structure of glycolipids. Reference to sphingolipids in 
LipidMAPS database are indicated (LMSP identifiers: http://www.lipidmaps.org/ and http://www.mmass.org/). 
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by a distinct decrease in the content of sphingomyelin. This phenomenon was pronounced in 
all three FD patients irrespective of the blood group. 
 
Table 2: Concentration of neutral GSLs, ceramide and sphingomyelin in the FD and control pancreas, 
kidneys and lungs. 
 
 
The results of the biochemical assays that were performed in de-proteinated homogenates of 
the whole tissue can not necessarily fully correlate with spatial distribution of lipids in tissue 
sections due to the heterogeneity of the present cells. This stated, next we aimed to identify the 
cellular pancreatic populations afflicted by an accumulation of both main substrates, Gb3Cer 
and blood group B compounds.  
B-antigens (both glycoproteins and glycolipids) were immunohistochemically detected in the 
acini of the exocrine pancreas and in the vascular endothelial cells in both FD-B patients and 
controls (Fig.15a - d). In the normal tissue, regardless of the blood group, a mosaic pattern of 
ABH binding sites was clearly visible, suggesting that it is an usual feature of ABH antigens 
expression (Ito 1992). In FD-B patients however, the expression of all B-antigens in the 
pancreatic acinar epithelium was uniform and more intense than in controls. Ductal epithelium, 
endocrine pancreas (islets of Langerhans) and vascular smooth muscle cells were negative for 
B-antigens (data not shown) which is consistent with report by Raven and Dabelsteen (Ravn 
  Lipid concentrations in nmol/mg protein 
    Cer CMH CDH Gb3Cer Gb4Cer SM 
Pancreas Controls AVG±SD, n=4 5.2±1.3 3.2±1.2 5.4±2.1 2.0±0.9 0.5±0.2 75.9±16.0 
  FD-O   1.5 1.6 8.2 26.2 0.3 26.6 
  FD-B1 3.5 5.6 12.8 9.7 0.3 28.4 
  FD-B2 7.4 2.4 17.1 11.2 0.5 25.0 
Lung Controls AVG±SD, n=4 4.0±0.9 1.6±0.7 11.5±4.3 2.0±0.7 0.9±0.4 62.6±15.1 
  FD-O   2.6 1.2 10.8 41.5 0.6 32.9 
  FD-B1 3.4 0.7 6.3 14.1 0.5 32.1 
  FD-B2 2.5 0.6 3.3 15.0 0.3 32.3 
Kidney Controls AVG±SD, n=4 5.4±1.0 2.0±0.6 8.4±3.6 6.1±1.7 2.6±1.0 86.8±28.6 
  FD-O  6.1 3.5 157.5 177.0 2.1 59.3 
  FD-B1 6.2 6,2 221.1 155.4 0.8 49.9 
  FD-B2 5.9 3.4 155.1 108.2 0.6 32.4 
Data were obtained by FIA - ESI - MS / MS analysis of lipid extracts of tissues homogenates. The MS/MS 
does not differentiate between the glucosyl and galactosyl moieties because of the same mass. Therefore, 
glucosylceramide and galactosylceramide are quantified as monohexosylceramides (CMH), while 
lactosylceramide and digalactosylceramide as dihexosylceramides (CDH). FD-B1, FD-B2 – Fabry patients, 
blood group B, FD-O – Fabry patient, blood group O. 
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and Dabelsteen 2000). Lipid pre-extraction of tissue sections did not substantially reduce the 
immunostaining of B-antigens in either FD-B patients or controls (data not shown). This 
suggests that the positivity of B-antigens also largely appertain to polar non-lipid 
glycoconjugates with blood group B determinants. 
It has been known that lysosomes affected by storage accumulate considerable amounts of 
autofluorescent lipofuscin-like lipopigment ceroid (Terman and Brunk 1998; Elleder 2010; 
Hulkova and Elleder 2010). Massive granular autofluorescence of ceroid was also detected in 
the exocrine parts of the FD-B pancreas (Fig.15e, white arrowheads) correlated with the signal 
for B-antigens. In controls, the autofluorescent material was not detected in any of the listed 
cell types.  Lysosomal localization of B-antigens was confirmed with their co-labeling with 
lysosomal marker LAMP2 (Fig.15e) but not in secretory granules using α-amylase marker 
(Fig.15f, α-amylase positivity). Under normal conditions, Lantini at al (Lantini and Cossu 
1997) described specific staining of acinar secretory granules for blood group B antigens with 
intensive secretion into the pancreatic juice together with digestive enzymes. In our study on 
FD pancreas, however, neither B-antigens nor Gb3Cer co-localized with secretory granule 
marker (Fig.15f, Fig.16f).  
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Gb3Cer was expressed in vascular endothelial cells as B-antigens and additionally also in 
vascular smooth muscle cells (Fig.16a –d). B-antigens, however, did not contribute to the 
lysosomal storage in vascular smooth muscle cells in FD-B patients. Importantly, Gb3Cer 
positivity was more intense in FD-B patients than in controls. Other cell types, including 
pancreatic acini, were only weakly positive for Gb3Cer but accompanied with increased amount 
of ceroid (Fig.16e). 
In smooth muscle cells, but not in endothelial cells, Gb3Cer was partially resistant to lipid 
extraction (Fig.16d), probably reflecting modifications of the lysosomal system by long term 
storage and intensified by extensive amount of ceroid.  
Fig.15: Blood group B antigen 
immunohistochemistry and confocal 
microscopy in the pancreas.  
 (a) Mosaic expression of B-antigens in 
acinar epithelium in the C-B2 control. (b) 
Intensive and almost homogenous staining 
for B-antigens in the exocrine part of the 
FD-B1 pancreas. (c) Endothelial cells with 
the usual expression of B-antigen (black 
arrowheads). (d) Strong positivity for B-
antigens in the endothelial cells is 
suggestive of B-antigen participation in the 
lysosomal storage in the FD-B1 pancreas 
(black arrowheads). (e) Co-localization of 
B-antigens (green signal) with LAMP2 
(red signal) demonstrates their localization 
in lysosomes (yellow arrows) accompanied 
by the increased amount of ceroid (white 
arrowheads). (f) B-antigens signal does not 
correlate with amylase-positive secretory 
granules (red signal).  DAPI stained nuclei 
in blue*. Scale bars (a, b) = 50μm, (c, d) = 
20μm, (e, f) = 10μm. 




The results clearly show that different, non-degraded, substrates are expressed and stored in 
lysosomes of distinct pancreatic cellular populations that have different physiological functions. 
While acinar cells specifically accumulate glycoconjugates of blood group B and only 
minimally Gb3Cer, the latter AGAL substrate predominates in the blood vessel cells. 
Importantly, endocrine cells were completely free of storage. Comparison of differences in 
storage between blood group B and O FD patients provides an explanation for the milder 
affliction of the pancreas in contrast to other organs in which the accumulation of Gb3Cer 
predominates. We believe that our results strongly substantiate the need for more detailed 
clinical studies focused on possible pancreatic (dys)function in FD patients with type B blood 
group.  
Reference: Supplementary publication A 
 
 
Fig.16: Gb3Cer immunohistochemistry 
and confocal microscopy in the pancreas. 
 (a) Gb3Cer expression is enhanced in 
blood vessels in the control. (b) In Fabry 
disease, Gb3Cer stains with increased 
intensity the in pancreatic vessel walls. (c) 
Small vessels display Gb3Cer in the 
endothelium, however large vessels were 
positive also in the smooth muscle cells. 
Staining of Gb3Cer was negative after pre-
extraction step of lipids from the tissue 
(insert) (d) Gb3Cer accumulation in the 
endothelial and smooth muscle cells in the 
FD-B1 pancreatic vessels is massive. 
Gb3Cer storage in smooth muscle cells 
persists after lipid extraction (insert, black 
arrowheads).  
 (e) Co-localization of Gb3Cer (week green 
signal) with LAMP2 (red signal) 
demonstrates their localization in 
lysosomes accompanied with the massive 
accumulation of autofluorescent ceroid 
(yellow arrowheads). (f) Gb3Cer does not 
correlate with amylase positive secretory 
granules but correlates exclusively with 
autofluorescent ceroid (yellow 
arrowheads). DAPI stained nuclei in blue*. 
Scale bars (a, b) = 50μm, (c, d) = 20μm, (e, 
f) = 10μm. 
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4.1.2. Study of renal sphingolipids distribution in the knockout mouse model of FD 
(FKO) 
As stated, knock-out mice are valuable animal models for exploring the pathophysiology and 
pathobiochemistry of diseases, including many inherited disorders. Since the kidney is one of 
the most affected organs in FD, we have focused on the analysis of renal distribution of stored 
GSL species using histochemical and advanced MS techniques. We used organs from the 
AGAL knock-out of C57BL/6 mouse serving as a model for the "later onset" phenotypes of 
FD.  Consecutive tissue section of isogenic 70-week old male FKO and wild-type (WT) mice 
were used for the experiment. Lipids were analyzed by FIA-ESI-MS/MS. The Gb3Cer isoforms 
were present at 34times higher concentration in FKO mouse compared to WT (Fig.17A). The 
results were more evident when compared to those reported previously on 5- or 12-month- old 
male or female FKO mice (Durant et al 2011). The second stored lipid in FKO mouse was 
Ga2Cer which was present in CDH fraction (Fig.17A). Its concentration was 2 times higher 
compared to that in the WT mouse. The individual isoform profiles of the Gb3Cer were also 
assessed. Molecular species with the C16:0, C20:0, C22:0, C24:0 and C24:1 fatty acids were 
identified as differently expressed lipid forms in the FKO and WT mice (Fig.17B).  
 
 
Fig.17: Analysis in FKO and WT 
kidney samples by FIA-ESI-MS/MS.  
(A) Renal sphingolipid profiles 
determined in the FKO (white) and WT 
(black) murine renal tissues (three 
technical replicates). (B) Fatty acylation 
of Gb3Cer in FKO and WT murine renal 
tissues. C17:0 Gb3 isoform was used as 
internal standard.  
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Lipid in situ localization was evaluated by mass spectrometry imaging (MSI) and correlated 
with IHC staining on the consecutive tissue sections. The Gb3Cer concentration calculated 
using the above-mentioned five major isoforms was almost twice as high as in WT mouse. 
Higher Gb3Cer accumulation was found in the renal cortex of FD mice, lower concentration 
was detected in the medulla, which was assessed by both MSI and IHC methods in tissue 
sections (Fig.18A). Cortical tubules were significantly more affected than glomeruli as well as 
renal tubules in the medulla. In the WT mouse, only a background signal for Gb3Cer was 
detected (Fig.18B). Intensity of Gb3Cer staining was more prominent in the inner part of the 
medulla in comparison with outer part which is partially based on desquamated epithelium from 
the upper parts of the nephron in a form of tubular casts (Fig.18B).   
 
 
Fig.18: Distribution of Gb3Cer in the kidney tissue section evaluated by IHC and MSI analysis. 
(A) Distribution of Gb3Cere (d18:1/24:0) in FKO (top) and WT (bottom) mice. Transversal (all four left) and 
coronal (all four right) sections show increased accumulation of in the renal cortex. MSI data revealed the 
sodiated molecules of Gb3Cer at m/z 1158.785. IHC shows Gb3Cer visualized in brown, whereas the cell 
nuclei counterstained with hematoxylin are blue. (B) IHC details of the transversal section of FKO mouse 
section demonstrating predominance of Gb3Cer tubular storage in the cortex (left) compared to that in medulla 
(right). Gb3Cer storage is more pronounced in cortex tubuli compared to glomeruli.       
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Whereas antibodies-based IHC staining recognized just the saccharide portion of the Gb3Cer 
molecule, MSI provided a distribution pattern of lipid isoforms in the renal cortex. Thus, the 
major benefit of MSI is the identification of the spatial distribution of the stored compounds 
and their molecular species. 
In FKO mouse, lysosomal storage of GSLs in the kidneys partially resemble the situation in 
patients with FD as shown in the previous chapter 4.1.1 (Table 2) and also by other authors 
(Ohshima et al 1997; Ohshima et al 1999; Ioannou et al 2001). However, unlike humans, storage 
in FKO mice was higher in proximal tubules but was significantly lower in glomerular 
mesangial cells and podocytes (Valbuena et al 2011). This corresponds to the absence of renal 
insufficiency in the mouse model. Our immunohistochemical analyses of accumulated Gb3Cer 
revealed maximum staining intensity in cortical tubules which correlated well with the MSI 
results documented by Fig.18. MS/MS quantification confirmed that the accumulation of 
Gb3Cer in the human FD kidneys is several orders higher than in the mouse model which is 
undoubtedly related to the span of life of both species and to a different degree of damage of 
specific cell types corresponding to milder mouse phenotype of FD. 
These facts led us to attempt to establish human iPSC lines and differentiate them further into 
defined cell types suitable for investigation of metabolic basis of the disease. 
Reference: Supplementary publication B, Supplementary publication C 
 
4.2. Creation of human FD and MPS II cell models using induced pluripotent stem cell 
technology. 
In 2006, Takahashi and Yamanaka first reported the discovery of induced pluripotent stem cells 
(iPSCs) which were prepared by transcription factor-mediated reprogramming of mouse 
embryonic fibroblasts. Since then, the field of iPSCs has advanced rapidly and this technology 
has enabled the modeling of human diseases, followed by the study of pathogenesis at the 
cellular level and the testing of therapeutic options. Besides disease modeling, potential 
application of the techniques in regenerative medicine is also experiencing increasing research 
attention.  
We have used the iPSC technology for generation of human iPSC models of selected LSD to 
investigate the pathology of affected cell types and evaluate the effect of ERT on these cells. 
For these studies, two X-linked LSD, FD and MPS II, were selected, iPSC lineages were 
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derived as follows: 1. from one male (IDS_Xmut/Y with c.[1181-1G>A] IDS mutation) and one 
heterozygous female  (IDS_Xmut/X with c.[1403G>A] (p.Arg468Gln) IDS mutation) with MPS 
II; 2. from one male ((FD_Xmut/Y with c. [277 G>A] GLA mutation) and one heterozygous 
female (FD_Xmut/X  with c. [838C>A] (p.Gln280Lys) GLA mutation) with FD.  
Isolated peripheral blood mononuclear cells of patients and healthy individuals were 
reprogrammed using non-integrating Sendai virus vectors expressing the reprogramming 
factors Oct3/4, Sox2, Klf4 and c-Myc and were maintained as co-culture with supporting layer 
of irradiated mouse embryonic fibroblasts (feeder cells). iPSC colonies typically started 
forming nine days after viral infection (Fig.19A, B). Several colonies were picked from each 
patient and control cultures and passaged until disappearance of the non-replicating Sendai 
virus. The iPSCs showed morphology similar to ESC after 3-5 passages and expressed the 




Verification of the patient phenotypes was performed by the proof of deficient IDS or AGAL 
activities in cell homogenates (Skoog and Beck 1956; Hartree 1972) using enzymatic assays 
(Mayes et al 1981; Voznyi et al 2001) (Table 3). β-galactosidase was used as a control enzyme.  
Fig.19: Generation and 
characterization of iPSC. 
The formation of the iPSC colonies 
were observed at the day 9 (a) and 
compact colonies at the day 16 (b). 
Immunofluorescence analysis showing 
the expression of SSEA4 (green) (c); 
TRA-1-81 (green) (d); OCT3/4 (green) 
and LIN28 (red) (e) in iPSC lines. 
Analyzed iPSC clones were also 
positive for alkaline phosphatase (f). 
The nuclei were conterstained with 
DAPI (blue). The scale bars indicate 
100 μm.    
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The results observed in iPSCs were in accordance with the results measured in leukocytes 
isolated from blood of the patients. 
 
Table 3: Determination of the enzymes activities in iPSCs and their XCI value. 
 
Sample IDS activity 
[nmol/mg.4hod] 





IDS_Xmut/Y 0.04 - 121.12 - 
IDS_Xmut/X 7.61 - 476.29 98:2 
FD_Xmut/Y - 1.11 243.38 - 
FD_Xmut/X - 87.51 214.03 3:97 
Control 76.95 99.88 147.24 - 
 
We did not observe any decline in self-renewal capacity of the generated patient iPSC lines 
compared to control, unlike other monogenic disease (Chen et al 2016), which is considered as 
a critical for the practical utility of the models.  
Established stable iPSC lines were further used for the study of X-chromosome inactivation 
status during transition of primed iPSCs to naïve state in heterozygous patient cells and for a 
study of cell pathology and efficiency of ERT in neural cells derived from MPSII-iPSC and in 
cardiomyocytes derived from FD-iPSC. 
Reference: Supplementary publication D 
 
4.2.1. X chromosome inactivation analysis in female patients with FD and MPSII 
There is considerable interest in the use of human induced pluripotent stem cells (hiPSC) for 
the study of X-linked diseases, not only for the understanding of pathological cellular 
processes but also for the research of how X-chromosome inactivation (XCI) is regulated 
during reprogramming and during the long-term culture of female hiPSC lines (Maherali et al 
2007; Stadtfeld et al 2008; Marchetto et al 2010; Tchieu et al 2010; Amenduni et al 2011; 
Ananiev et al 2011; Tomoda et al 2012).  The current knowledge of XCI in human female iPSCs 
Two selected iPSC clones of each patients and controls showed a weak residual activity of IDS in IDS_Xmut/X 
cells and practically normal activity of αGALA in FD_Xmut/X in female cells which is in accordance with the 
status of X inactivation (XCI ratio 98:2 in IDS_Xmut/X favors mutant allele active versus XCI ratio 3:97 in 
FD_Xmut/X favors mutant allele active). Practically no activity was measured in all male patient samples. 
Values are average of two clones of the same line.  *control enzyme. 
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reflected in published reports is contradictory mostly due to sensitivity of experiments to precise 
definition of conditions, the limitations of XCI research methods as well as subsequent 
difficulties in interpretation of the results.  
Female naïve cells are expected to have two active X chromosomes in both human and mice. 
Unlike in mouse, however, Xist is expressed from one or both active X chromosomes in cells 
of human inner cell mass (Pinheiro and Heard 2017). Although the existence of naïve state of 
human PSCs has not yet been demonstrated in vivo, several groups have developed "naïve 
culture media" enabling formation of naïve iPSCs/ESCs from the primed PSCs in vitro. Naïve 
state is then accompanied by efficient loss of the XCI specific markers, including XIST RNA 
and XCI-specific histone modifications, which are re-established upon differentiation (Gafni et 
al 2013). The possibility of transforming primed iPSCs to naïve state by changing the culture 
conditions enables further access to the study of XCI in female iPSCs and in fact to the XCI 
research in general. 
We focused on the study of two female patients with FD and MPSII to address the question 
whether the XCI status of naïve iPSCs is the same as in the source primed cells. Hypothetically, 
we would be able to detect the condition when both X-chromosomes would be reactivated in 
whole naïve cellular population. Examination of the methylation status at the AR locus showed 
extreme skewing in both blood leukocytes and reprogrammed iPSCs in favor of the mutated 
allele (XCI ration 98:2) in IDS_Xmut/X and control allele (XCI ratio 3:97) in FD_Xmut/X. Naïve 
iPSC lines were established by cultivation of iPSCs in naïve human stem cell medium (NHSM) 
containing LIF and small molecule inhibitors of ERK1/ERK2 and GSK3β signaling inducing 
conversion of primed iPSCs to naïve pluripotency, as described previously (Gafni et al 2013). 
After two passages of the iPSCs in the presence of NHSM, the cells showed typical round, 
dome-shaped cell colony morphology indicating conversion to naïve state. The methylation 
status at the AR locus did not show a change in XCI ratio in the MPSII clones; however, in case 
of the FD, the XCI ratio changed from 3:97 to 20:80 (Fig.20).   
 




Our results suggest that cultivation of female primed iPSCs in “naïve culture media” can 
achieve naïve state associated with the reactivation of X chromosomes and that following re-
inactivation of X chromosome can be random as it is during embryogenesis. The varying results 
regarding XCI status obtained for hiPSCs may be explained by different reprogramming 
techniques and the growth conditions in which hiPSCs are generated and maintained. It is 
Fig.20: X-chromosome inactivation analysis in the patient’s iPSCs generated from the MPS II and FD 
patients. 
 Standard culture and naïve culture cells are compared. Methylation status analysis of the AR alleles before 
(Hpa II-) and after (Hpa II+) digestion is shown. The 300-bp peak belongs to the GeneScan 500 ROX size 
standard. The analysis was conducted using GeneMapper software (Applied Biosystems). 
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known that factors like residual DNA methylation signatures characteristic of their somatic 
tissue of origin (Gomes et al 2017) or mitochondrial metabolism of iPSCs (Varum et al 2011) 
may affect the quality of individual iPSC lines and thus influence the iPSC transition from 
primed to naïve state, and also XCI status. Hypothetically, there could be other genomic 
variants that prevent random XCI in MPSII patient but these variants are often hard to identify 
conclusively (Di-Battista et al 2016; Mason et al 2018). Another possible explanation of the 
data can be the fact that HUMARA methylation assay detects only inactivated / methylated 
allele. If there is present small subpopulation of the cells with incomplete reactivation of X-
chromosome, the detection of this methylated allele is interpreted as representative for the 
whole sample. For all these reasons, further studies are necessary for precise characterization 
of XCI status in iPSCs and understanding a basic aspect of the epigenetic differences between 
naïve and primed state. Besides general biological knowledge, these studies are relevant for 
future medical uses. The iPSC clones from heterozygotes of X­linked disorders with favorable 
XCI and thus functionally normal can potentially serve as a source of autologous material 
(hematopoietic progenitors, neurons, cardiomyocytes, etc.) for cell-based therapy in females 
with severe phenotype of X-linked disorders. 
Reference: Supplementary publication D 
 
4.2.2. Neural model of CNS involvement in MPSII 
iPSCs of hemizygous and heterozygous MPSII patients and healthy controls were differentiated 
into neuronal and glial cells using the modified protocols of Stacpoole et al (Stacpoole et al 
2011) and All et al (All et al 2015). The differentiation protocols were initiated by generating a 
suspension of iPSCs to allow formation of multicellular iPSC aggregates, embryonic bodies 
(EBs), which were later transformed into neurospheres. To demonstrate the differentiation 
along correct pathway,  the neurospheres of neural progenitor cells (NPC) were frozen after two 
weeks of culture in complete differentiation medium, cryo-sectioned according to publish 
protocol (Gomes et al 2010) and used for detection of NPC markers Nestin and SOX1 (Fig.21). 
The capacity to form EBs was markedly different between cell lines from MPSII patients and 
healthy controls. Control iPSCs spontaneously formed compact, spherically shaped EBs after 
plating a single cell suspension onto ultra-low attachment plates. However, the cultures of 
patient's iPSCs showed reduced ability to spontaneously form EBs which is analogous to 
previously reported impaired EB formation in murine MPSVII-iPSC (Meng et al 2014).  




The EBs were cultured for additional 2 weeks in complete differentiation medium 
supplemented with retinoic acid and after adhesion and cultivation in the terminal 
differentiation medium for an additional 2-8 weeks, we found a heterogenous mixture of neural 
cells. Immunofluorescence analysis confirmed the presence of vimentin+, β-TubIII+ and MAP2+ 
neurons, GFAP+ astrocytes and CNPase+ oligodendrocytes (Fig.22).  While the deficiency in 
EB forming of MPSII-iPSC was potentially limiting, we showed that by adjusting the 
differentiation protocol, the MPSII-iPSCs could be differentiated into mixture of neural cells. 
These observations suggest that IDS deficiency may, similarly to other neurological diseases, 
partly interfere with the fitness of the neural precursors (Russo et al 2015) but does not represent 
a fundamental compromise to the differentiation potential of the human MPSII-iPSCs which is 
in accordance with the results in IDS deficient murine neuronal stem cells (Fusar Poli et al 
2013).  
Lysosomal membrane marker LAMP1 and lysosomal luminar marker Cathepsin D (CatD) were 
assayed to determine the impact of IDS deficiency on the lysosomal compartment of the 
neuronal and glial cells after 6 weeks of terminal differentiation. The increased lysosomal 
compartment was observed in the perinuclear region of GFAP+ astrocytes and CNPase+ 
oligodendrocytes and occasionally β-TubIII+ neurons of MPSII patients (Fig.22).  
Fig.21: Differentiation of MPSII-iPSCs 
into neural progenitor cells.  
Aggregation of single cell suspension of 
iPSC was observed one day after neural 
induction (A) and round, different sized 
spheres could be detected after 7 days of 
induction (B). Detection of neural 
progenitor marker SOX1 (C) and Nestin 
(D) in controls’ and patients’ EBs after 14 
days of differentiation. Nuclei were 
counterstained with DAPI (blue signal). 
Control iPSCs were differentiated in 
parallel.  
 




Sub-cellular changes of the neural cells were evaluated by electron microscopy. Contrary to the 
heterogeneous cellular population evaluated by immuno-cytofluorescence, cells with larger 
glia-like nuclei prevailed, suggesting relative fragility of neuronal precursors for ultrastructural 
analysis. All cells formed complex neurosphere structures and developed thin cytoplasmic 
processes. In comparison to control cells though, patient neural cells contained numerous 
pleomorphic cytoplasmatic vacuoles containing arranged lamellar or lucent granular material 
(Fig.23). 
 
Fig.22: Lysosomal accumulation in iPSC derived neural cells.  
Differentiated neural cells were cultured for six weeks and used for immunofluorescence analysis. Increased 
numbers of LAMP1+ or CatD+ lysosomes were detected mainly in GFAP positive astrocytes and CNPase 
positive oligodendrocytes and occasionally in βTubIII positive neurons in both hemizygous and heterozygous 
MPSII patients compared to control(s). Nuclei were counterstained with DAPI (blue signal). Scale bar: 20 μm. 
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Photometric determination of GAG levels was performed in the homogenates of iPSCs, NPCs 
and terminal differentiated neural cell cultures.  No significant increase in GAGs was detected 
in patient iPSCs and NPCs compared to controls which may be caused by the high proliferative 
rate of the cells and consecutive dilution of undegraded substrates as have been described in 
FD-iPSC model (Itier et al 2014). However, GAGs in terminally differentiated neuronal and 
glial cells, after 8 and 12 weeks of culture, were 1.5-4.3x (hemizygous) and 1.7-4.6x 
(heterozygous) higher than in controls (Fig.24A). Abnormal and progressive accumulation of 
GAGs became apparent in more differentiated patient cells which was likely caused by 
decreased proliferation and prolonged cultivation.  
The recombinant IDS used for ERT is endocytosed and targeted to the lysosomes via mannose 
and mannose-6-phosphate receptors on the cell surface (Wraith et al 2008) but its effect on the 
treatment of the affected CNS is not clear. This is mostly explained by the fact that the 
recombinant enzyme is too large to cross the blood brain barrier (Boado et al 2013).  We tested 
ERT efficiency in the culture of our iPSC derived neural cells. MPSII and control neural cells 
were differentiated in media supplemented with recombinant IDS for 10 weeks after reaching 
the NPC stage when any increase in GAGs was noticeable in patient cells. The recombinant 
enzymes slightly reduced the levels of elevated GAGs but despite high intracellular enzyme 
Fig.23: Electron microscopy analysis 
of iPSC derived neural cells.  
Up to 8 weeks-old terminally 
differentiated neural cells were used 
for electron microscopy of 
morphology studies and potential 
lysosomal storage in patient cells. 
Similar features were observed in all 
studied patient samples. (A) edge of a 
neurosphere with emanating cellular 
processes and pleomorphic 
cytoplasmic vacuoles (IDS_Xmut/X). 
(B) comparable cytoplasmic vacuoles 
in the male patient cells (IDS_Xmut/Y). 
(C) some control cells contained 
autophagic-like vacuoles (white 
arrowhead). Scale bar: 
(a) 200 μm, (b and c) 5 μm. 
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activity (Fig.24B) there was still a gradual increase in accumulated GAGs in patient cells 
(Fig.24A). It is known that heparan sulphate (HS) is present in the cell membrane or in the 
extracellular matrix where they mediate molecular interactions, bind growth factors, 
chemokines, enzymes and play a role in signal transduction (Perrimon and Bernfield 2001; 
Gallagher 2006). Increased amount of HS was immunodetected on the cell surface but not 
within the lysosomes (Fig.24C). This phenomenon was previously described in MPSIII where 
HS is also one of the main storage compounds (Jakobkiewicz-Banecka et al 2016). We 
hypothesize that increased amount of IDS substrates in patient cells is given by their presence 
in extracellular matrix in proximity to the plasma membrane from where they are not 
transported to lysosomes for degradation nor they are able to be degraded extracellularly by 
IDS at a neutral pH.  
 
Fig.24: Analysis of GAG accumulation in iPSC, NPC and differentiated neural cells of MPSII patients 
and controls using a photometric method.  
GAG levels were normal in patient iPSC and NPC. Maturation of neural cells was accompanied by an increase 
in accumulated GAGs. GAG accumulation was reduced by supplementing the deficient IDS (A). Values of 
enzyme activities measured in neural cells with and without the addition of IDS recombinant enzymes (B). Co-
staining of HS and LAMP1 did not shown overlap of the specific signals. HS accumulated in the cytoplasmic 
membranes from both patients (C).  
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In conclusion, we created an iPSC model of MPSII which can be differentiated to various neural 
cell types related to the CNS pathology of the disease. The iPSCs derived terminally 
differentiated cells accumulate increased amounts of GAGs. HS, one of two substrates affected 
by the enzyme defect, was localized mostly to the plasma membrane or extracellularly. This 
biochemical phenotype was not observed in proliferating cells suggesting that longer term 
cultivation of non-proliferated cells could further emphasize the phenotype. The iPSC lines can 
be used for future screening of potential therapeutic improvements such as better targeting of 
recombinant enzymes to neuronal/glial cells, mainly in combination with the iPSC based model 
of the BBB, which was successfully produced (Canfield et al 2017). 
Reference: Supplementary publication E 
 
4.2.3. FD cardiomyocytes generated from iPSC as a human model for testing of 
therapeutic effect of pharmacological chaperones 
Cardiomyocytes (CM) are one of the major cell types affected in FD and therefore we decided 
to differentiate iPSCs into cardiac cells. We used protocol based on temporal application of a 
glycogen synthase kinase 3 inhibitor (CHIR99021) combined with chemical Wnt inhibitor 
(IWP2) and serum-free defined medium to generate functional CM  (Lian et al 2013). The 
presence of cardiac cells could be easily established by visual observation of spontaneously 
contracting regions. The first beating clusters were observed between differentiation day 8 and 
14 in both control and FD cells. Generated FD-CM and control-CM were also positive for 


















Troponin T Troponin I 
SMA Nkx­2.5 Fig.25: CM generated from human iPSCs. 
Positivity of beating control-CM for cardiac 
markers, Nkx2.5, Troponin T and I and smooth 
muscle actin (SMA). 
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The efficiency of differentiation, tested by flow cytometry, was significantly smaller for FD-
CM compared to control probably due to FD phenotype.  Increased accumulation of the main 
storage compound Gb3Cer was detected by FIA-ESI-MS/MS analysis or ICF (Fig.26A) while 
no accumulation of Gb3Cer was detected in control cells. Its increased level in FD-CM thus 
may be the reason to an inability to generate functional fibers in these cells (Fig.26A right 
column and also (Itier et al 2014) ). Regular intravenous administration of recombinant human 
AGAL is the most used treatment of LSD, including FD. Recently, an effective clearance of 
Gb3Cer by the recombinant enzyme in FD-CM has been reported (Itier et al 2014). We tested 
the trafficking and localization of exogenous enzyme within the cells affected by storage after 
two months in culture. Its lysosomal internalization was confirmed 5 days after loading the 












In summary, we have created suitable human model of FD-CM which reflect basic phenotypic 
features typical for FD and can be used for testing of various therapeutic options. Despite the 
current preference of treatment by recombinant enzymes, other approaches are being developed 
to overcome some of the negative features of ERT such as need for weekly/biweekly 
intravenous infusion of the recombinant enzyme or its inability to cross BBB. In the follow up 
study, prepared cultures of functional human CM will be used for testing small pharmacological 















Gb3/Nkx-2.5 Gb3/Troponin T 
A B 
Fig.26: Demonstration of FD phenotype in generated CM.  
(A) Significant accumulation of Gb3Cer in FD-CM (bottom line) compared to undetectable one in the control-
CM (top line). Functionally organized contractile proteins into fibers in control-CM versus less numerous and 
disorganized fibers in FD-CM (right column). (B) Internalization of recombinant enzyme (AGAL) into the 
lysosomes (CatD) of the FD-CM. 
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transport to the lysosomes, and thus achieve significant enzyme activity of selected amenable 
AGAL mutants. 
Reference: Supplementary material F 
 
4.2.4. CRISPR/Cas9 generation of iPSC models of FD and Schindler disease 
Phylogenetic analysis of AGAL clearly identifies closely related paralogous α-N-acetyl-
galactosaminidase (NAGA) which activity is deficient in patients with Schindler disease 
(Scriver et al 2001). As NAGA has significant overlap of substrate specificity in vitro with 
AGAL, it has been discussed for a long time how much is NAGA activity contributing to the 
degradation of AGAL substrates in vivo. Previously published results (Asfaw et al 2002) of 
metabolic experiments in cultures of skin fibroblasts from FD and Schindler disease patients 
demonstrated that longer AGAL substrates with longer saccharide chain (e.g. B-6-2) are 
partially degraded even in AGAL activity deficient cells (up to 50%). It has been hypothesized 
that in contrast with lipophilic Gb3Cer with shorter saccharide chain, more hydrophilic B-6-2 
can be degraded to small extent by NAGA that even does not require small activator protein 
SAP B as in case of Gb3Cer degradation by AGAL. However, at the time of previous 
experiments, it was not possible to easily and reliably exclude the contribution of NAGA 
activity in FD cells and thus prove its effect on degradation of AGAL substrate with long 
carbohydrate chain. Such types of experiments were made possible with recent advances in 
genome editing tools such as CRISPR/Cas9.  
CRISPR/Cas9 is a microbial adaptive immune system that uses RNA-guided nucleases to 
cleave foreign genetic elements in bacterial genome. Soon after its discovery, this system was 
exploited as a tool for rapid and highly efficient generation of gene knock-out cell lines 
particularly useful for genetic disease modeling. Cas9 nuclease induces double strand breaks 
(DSBs) at desired genomic loci, triggering the endogenous DNA repair machinery. Processing 
of DSBs by the error-prone nonhomologous end-joining (NHEJ) pathway leads to small 
insertions and deletions (indels) disrupting the reading frames and leading to loss-of-function 
mutations (Ran et al 2013).   
We successfully applied CRISPR/Cas9 system for efficient genome modification in human 
iPSCs (Ran et al 2013) to generate gene knock-outs of two studied lysosomal hydrolases, 
AGAL and NAGA. The set of three model lines, consisting of single knock-outs of GLA 
(AGAL-KO) gene, NAGA (NAGA-KO) gene and combined  double knock-out (D-KO) of both 
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genes simultaneously, was prepared to elucidate the supposed overlap of substrate specificities 
of both evolutionarily related hydrolases (Scriver et al 2001; Asfaw et al 2002).  
Deficient activity of particular enzymes in cell homogenates by in vitro enzyme assay (Hartree 
1972; Voznyi et al 2001) confirmed the successful generation of knock-out lines (Table 4).  
 
Table 4: Confirmation of the enzyme’s deficiencies in iPSCs after genome editing by CRISPR/Cas9. 
 






AGAL-KO 23,436 0,256 124,416 
NAGA-KO 0,126 58,368 168,448 
D-KO 0,126 0 147,456 
Control 17,073 46,848 158,464 
 
To address the hypothesis that NAGA activity is contributing to degradation of polar AGAL 
substrates, we performed loading experiments with tritium-labeled natural substrates, 
globotetraosylceramide (Gb4Cer - precursor of Gb3Cer), A-6-2 (GalNAc(α1→3)[Fuc 
α1→2]Gal(β1→4)GlcNAc(β1→3)Gal(β1→4)Glc(β1→1')Cer, IV(2)-α-fucosyl-IV(3)-α-N-
acetylgalactosaminylneolactotetraosylceramide) and B-6-2 glycolipids (Gal(α1→3)[Fuc α1→ 
2]Gal(β1→4)GlcNAc(β1→3)Gal(β1→4)Glc(β1→1')Cer, IV(2)-α-fucosyl-IV(3)-α-galactosyl-
neolactotetraosylceramide) in cultures of the control and all three knock-outs of spontaneously 
differentiated iPSC lines. All tritium-labeled lipids were re-purified as described previously 
(Asfaw et al 2002). 
As expected these experiments clearly show the block in degradation of Gb3Cer produced in 
situ from loaded Gb4Cer in AGAL-KO and D-KO in contrast with normal degradation of this 
substrate in control cells and in NAGA-KO (Fig.27, first column). The degradation of A-6-2 
with terminal α-N-acetylgalactosamine is blocked, as expected, in NAGA-KO and D-KO cells, 
while this substrate is degraded normally in control cells and in AGAL-KO cells. The 
degradation pattern of B-6-2 in AGAL-KO is suggesting relatively high residual degradation 
of this substrate which is in accordance with previously published results (Asfaw et al 2002). 
However, this residual degradation does not seem to be affected by knocking-out the NAGA 
 *control enzyme 
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activity which was hypothesized to be responsible for observed degradation of B-6-2 in FD 








Taken these results together, it seems that there is still another enzyme (or mechanism) that is 
causing the partial degradation of more polar substrates of AGAL in cells. One of the candidates 
would be non-lysosomal, neutral α-galactosidase that would partially access these substrates in 
AGAL deficient cells. The exact identification of this mechanism would be the topic of further 
studies on these model cellular systems in combination with other advanced techniques (e.g. 
MS methods). 
Reference: Supplementary material G 
 
Fig.27: Degradation of tritium-labeled glycolipids Gb4Cer, B-6-2 and A-6-2 by spontaneously 
differentiated iPSC with knockout of GLA and NAGA genes and double knockouts of both genes.  
Lipid pattern of AGAL-KO (A), NAGA-KO (B), D-KO (C) cell lines and of control cells (D). The 
chromatographic positions of substrate and various degradation products are indicated by number of 
monosaccharide residues in the glycolipid chain:  e.g  1 = glucosylceramide, 4 = Gb4Cer. In the cells with 
AGAL deficiency, a significant block in degradation of glycolipids B-6-2 and Gb3Cer is evident, whereas in 
NAGA deficient cells, the degradation of A-6-2 is blocked. In double knockout cells none of the three 
glycolipid substrates was degraded. Conduritol B-epoxide was added to all cultures in order to inhibit 








5.1. Study of human and mouse tissues with biochemical phenotype of FD focused on 
the nature of storage of undegradable substrates.  
5.1.1. Investigation of metabolic fate of glycoconjugates with terminal α-galactosyl 
moieties in the pancreas of FD patients with blood group B (FD-B), has led to the 
following findings: 
- Examination of the metabolic fate of glycoconjugates with terminal α-
galactosyl moieties revealed the massive deposition of complex B-GSL (with 
more than 5 monosaccharide units) as well as non-lipid B-glycoconjugates in 
the pancreas of patients with blood group B (FD-B). 
- Acinar cells of the exocrine pancreas and vascular endothelial cells were the 
major sites of increased expression of blood group B-specific antigens 
accompanied by massive ceroid deposition, whereas the endocrine pancreas 
(islets of Langerhans) and ductal epithelium were completely free of storage. 
Co-labeling with the lysosomal marker LAMP2 pointed to lysosomal character 
of the deposition. 
- Interestingly, acini cells were only weakly positive for Gb3Cer, classical 
storage compound in FD, dominating in the kidneys. The tissue/cell/substrate 
variability in FD points to differences in metabolic turnover of organ-specific 
cell types as well as subcellular lipid distribution. We assume that these results 
could initiate further research of cellular functions influenced by pathological 
processes in FD. 
 
5.1.2. Study of renal distribution of sphingolipid molecular species  in the knockout 
model of FD (FKO) resulted in the following:  
- 34-fold increase of Gb3Cer in the FKO renal tissue has been documented by 
FIA-ESI-MS/MS analysis. The second stored lipid in FKO mouse was 
classically Ga2Cer and similar results were obtained by both MALDI mass 
spectrometry imaging (MSI) and FIA-MS/MS.  
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- Immunohistochemistry proved higher accumulation of Gb3Cer in renal cortex 
of the FKO mouse sections compared to the medulla which correlated well 
with the MSI analysis. Cortical tubules were significantly more affected than 
glomeruli and renal tubules of the medulla of the FKO mice which evokes 
pathologically similar human later-onset phenotype of FD.  
- The major benefit of MSI in comparison with IHC was the identification of the 
spatial distribution of sphingolipids and their specific isoforms, which 
represent true chemical imaging of individual molecular species. Thus, MSI 
identified five elevated Gb3Cer isoforms and their exact distribution in renal 
regions of the FKO and WT mice. 
 
5.2. Creation of human FD and MPS II cell models using induced pluripotent stem cell 
technology. 
- We have created human iPSC models of two X-linked LSD- MPSII and FD - 
expressing the pluripotency markers OCT3/4, LIN28, SSEA4, TRA-1-81 and 
ALP. These stable iPSC models have been used for further investigation 
studies.  
 
5.2.1. X chromosome inactivation analysis in female patients with FD and MPSII: 
- The cultivation of primed iPSC in naïve culture condition led to the changes of 
the cell colony morphology indicating a conversion of primed iPSC to naïve 
state. The methylation status at the AR locus show the change in XCI ratio in 
the case of the FD but not of the MPSII clones.  
 
5.2.2. Neural model of CNS involvement in MPSII:   
- We have succeeded in differentiation of control and MPSII iPSC into the 
mixture of neural cells (neurons and glial cells). Compared to control, neural 
cells of MPSII patients accumulated increased amount of GAG with numerous 
abnormally sized lysosomes. 
- 76 - 
 
- The treatment with commercially available recombinant enzyme did not 
prevent the increase of GAG levels in MPSII cultures. As heparan sulphate 
was detected mainly on plasma membrane, we hypothesize that increased level 
of GAG in terminally differentiated neural cells is given by their presence on 
plasma membrane where recombinant enzyme is not active.  
 
5.2.3. FD cardiomyocytes generated from iPSC as a human model for testing of 
therapeutic effect of pharmacological chaperones: 
- We have successfully differentiated control and FD-iPSC into functional CM 
exhibiting phenotypic features typical for FD such as increased accumulation 
of Gb3Cer and reduced ability of functional fibers creation.  
- Lysosomal internalization of recombinant enzymes was confirmed.  In the 
follow up study, functional human CM will be used for testing of 
pharmacological chaperones. 
 
5.2.4. CRISPR/Cas9 generation of iPSC models of FD and Schindler disease: 
- We applied CRISPR/Cas9 system for efficient genome modification in human 
iPSCs and created iPSC knockout models of FD and Schindler disease. Double 
knockout of both genes encoding particular hydrolases was also formed.  
- Loading experiments of tritium-labeled glycolipids did not confirm 
contribution of NAGA (deficient in Schindler disease) to the degradation of 
the substrates of AGAL. Due to the limitations of the radiochemical method, 
other advanced biochemical techniques will be used in the follow up study to 
identify mechanism of degradation of more polar AGAL substrates.  
 
In summary, the presented work has broadened the knowledge of pathobiochemistry and cell 
pathology of FD and has successfully dealt with the preparation of cellular model systems 
applicable not only to LSD but to rare genetic diseases in general. Introduction and mastering 
the techniques of iPSC models generation is already being used in a number of research projects 
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at our department. We believe that this work also extends the possibilities of testing therapeutic 
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